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ABSTRACT 
Due to the current consumer health concerns regarding processed foods, there is 
an increasing market interest on highly nutritious foods. One method to improve their 
nutritional value is to introduce health-benefiting compounds to the food matrix using 
technology such as vacuum impregnation. Potato chips, one of the most popular snacks 
in the US, lack the proper nutrition because of their high fat and carbohydrate content. 
The purpose of this study was to increase the nutritional value of potato chips by 
introducing phenolic compounds from green tea extract using two major processes: 
vacuum impregnation (VI) and vacuum frying (VF). The main objective was to test the 
feasibility of these two processes to produce potato chips enriched with antioxidants 
without detrimental effects to product quality.  
Total phenolic content (TPC) was first measured to determine the optimal VI 
parameters. The potato chips were then vacuum fried at oil temperatures of 110˚C, 
120˚C, and 140˚C for times ranging from 20 seconds to 12 minutes to test the thermal 
degradability of the antioxidants. Three different frying systems were also compared: 
vacuum frying (VF), dual step frying (DS), and atmospherics frying (AF).  
A green tea concentration of 5.0%, vacuum time of 10 minutes, and a pressure of 
600 mmHg yielded the maximum TPC of 196.11 mg GAE/100 g of dry potato. Contrary 
to previous findings, the TPC increased non-linearly with increasing temperature. While 
samples fried at 120°C showed an overall greater phenolic augmentation, at the frying 
times where MC < 2%, samples fried at 140°C showed the maximum TPC increase of 
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237.48%. The dehydration rate increased with increasing temperatures and the oil 
absorption with increased logarithmically increasing times.  
Using optimal VI and VF parameters (140°C, 100 seconds), the 3 frying systems 
were compared. Samples fried using the AF system contained double the oil content as 
those fried using the VF or DS systems. VF had the highest percentage in TPC increase 
(208.88%), while AF had the lowest (163.21%). The 30-particapant panel gave the 
vacuum fried samples all passing scores (>5) with texture acquiring the highest average 
score of 6.63 ± 1.94.  In conclusion, vacuum impregnation was successfully used as a 
precursor of vacuum frying to create potato chips with a high phenolic content.  
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CHAPTER I 
INTRODUCTION 
The Centers for Disease Control and Prevention estimate that more than one third 
of the adults living in the United States are victims of obesity with the highest 
percentage being African Americans followed by Hispanics, and Caucasians (CDC, 
2016). Consequently, there is a steady increase of consumer demand for healthier and 
convenient food products with high sensory qualities (Wexler et al., 2016). To promote a 
healthier lifestyle for adults and children from all demographics, the food industry is 
changing the way food products are handled, processed, and distributed. Both functional 
foods and operations, which minimize adverse effects from processing, are being 
developed and optimized. Functional foods are food products with matrices that have 
been enhanced with health-giving compounds such probiotics to increase its overall 
nutritional value and pose as a remedial source (nutraceutical) (Padua and Wang, 2012). 
These food products hence promote optimal health and disease prevention beyond their 
original nutritional ability. 
Two major platform contenders for functional food products are fruits and 
vegetables. They are both versatile, necessary in our daily diets, and have high molecular 
intake due to their porous structures (Padua and Wang, 2012). Consumers should eat 
fruits and vegetables raw, at an adequate ripeness, to intake most of the available 
nutrients. However, a large portion of the consumed vegetables are processed and 
cooked at high temperatures. When these crops undergo heating processes such drying 
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or frying, they tend to lose a large percentage, if not all, of their nutrients. In the fight to 
preserve the bioactive compounds from these crops, researchers have modified 
processing methods and altered the targeted food matrix.   
A vastly studied contender of functional foods is potatoes and more specifically 
potato chips. In 2016, around 66% of the total potato sales (411 million ct.)  were of 
processed potato products such as chips and powders (NASS 2016). Salty snacks such as 
potato chips are one the most readily consumed food products in the US. In 2016, 32.18 
million Americans consumed 16 or more bags of potato chips (Statista, 2016). In 2017, 
the Lays brand from Frito-Lay accounted for 29.6% of the total potato chips sales 
making it the leading brand un the US (1.7 billion US sales) (Statista, 2017). Potato chip 
consumption continues to steadily increase from year to year. However, raw potatoes are 
prominently made up of water and carbohydrates, mainly being starch and sugars 
(Roldan et al., 2013). Generally, this composition changes to a low water content and 
high carbohydrate and/or fat content after heat processing. Except for potassium which 
potatoes provide 19-20% of our recommended daily intake, no matter if raw or 
processed, the consumer does not obtain any other significant nutritional value, from 
potatoes and their products (Macdonald-Clarke et al., 2016). 
In this study, raw potato slices were vacuum impregnated with phenolic 
compounds, mainly catechins, derived from green tea extract to increase the overall 
nutrition of the final product. The antioxidant-fortified potato slices then underwent 
vacuum frying to make the final potato chip product. Frying under vacuum not only 
allows a lower-heat frying process but also produces final product with preferable 
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physical and chemical properties. Phenolic compounds from green tea extract were 
chosen as the source of antioxidants due to their availability, relative thermal stability, 
and easy handling.  
Antioxidants have many health benefiting properties due to their ability to 
scavenge free radicals that result from many internal body reactions (Wang et al., 2000). 
Vacuum conditions are necessary for the mass transfer and preservation of the phenolic 
compounds. This study aimed to measure the effectiveness of using vacuum 
impregnation and vacuum frying to create nutrient rich potato chips.  
There has been a vast of research done to increase our understanding of functional foods. 
However, this is still a new field and needs continuous, reproducible research to 
elucidate how functional foods can be effectively integrated to our everyday life. This 
study aimed to increase our knowledge of the production, functionality, and feasibility of 
functional foods. This technology has the potential to improve the quality of food we 
consume and behave as an innovative and easy way to intake medicine. Most 
importantly, functional foods can permanently merge gastronomy and the medical field 
changing the way we currently view food material and medical treatments. 
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CHAPTER II 
HYPOTHESIS AND OBJECTIVES 
2.1. Hypothesis 
The heat sensitive phenolic compounds introduced from green tea into raw potato 
slices using vacuum impregnation should be preserved after vacuum frying due to the 
low processing temperatures.  
2.2. Objectives 
The main objective of this study was to assess the efficacy of introducing 
polyphenolic compounds from green tea extract into raw potato slices and, furthermore, 
measure the effect of vacuum frying the potato slices on the total phenolic content. 
Additionally, this study aimed to increase the knowledge available on functional foods 
and their manufacturing. This goal was accomplished by completing the following 
specific objectives: 
1. To quantify the optimal vacuum impregnation parameters—vacuum
impregnation solution concentration (green tea extract/ distilled water), time,
and pressure—to maintain the physical integrity of the potato chips and
introduce the highest phenolic content.
2. To quantify the optimal vacuum frying parameters—frying time and oil
temperature to preserve as much of the total phenolic content.
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3. To perform kinetic studies (moisture loss, oil absorption, and phenolic
enrichment) of impregnated potato slices vacuum fried at different oil
temperatures.
4. To compare vacuum fried impregnated potato chips with those fried under
atmospheric conditions and under a 2-stage vacuum fried process.
5. To characterize the final product quality attributes such as moisture content,
oil content, color, texture, bulk density, porosity, expansion, shrinkage, and
percentage increase of impregnated phenolic compounds using objective and
sensory methods.
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CHAPTER III 
LITERATURE REVIEW 
3.1. Potatoes 
Potatoes (Solanum tuberosum L) are perennial, tuberous plants belonging to the 
family Solanaceae (Zhu et al., 2010). It is of the most consumed non-cereal product 
worldwide and the fourth most important food crop after rice, wheat, and maize having a 
global annual production of about 300 million tons (Zhu et al., 2010). China currently 
leads the world production of potatoes, followed by  India, Russia, USA, and Ukraine 
(Zaheer and Akhtar, 2016). This popularity is due to factors such as affordability, 
consumption versatility, high yield, large-scale production ability, and widespread 
availability (Larsson and Wolk, 2016). 
There are over 5000 varieties (wild and domestic) worldwide, 3/5 of which are 
found in the Andes of South America (Zaheer and Akhtar, 2016). Some of the most 
popular domestic varieties include Russet Burbank, White Rose, Yukon Gold, and 
Purple Peruvian.  Each variety differs physically, chemically, and mechanically. 
Physical and mechanical attributes include qualities such as color, shape, mass, texture, 
and taste.  For example, russet potatoes are medium to large in size, oblong in shape, 
have light to medium russet-brown skin, and a floury, dry texture when raw. In the other 
hand, purple potatoes are small to medium in size, oblong to fingerling in shape, 
generally have blue outer skin, and an earthy, nutty texture when raw. Due to these 
qualities, different potatoes are used for different cooking methods. For example, some 
potatoes as the Russet Burbank are typically used for baking or frying and some as the 
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Purple Peruvian are typically used for roasting and grilling. In additions, depending on 
their chemical and mechanical properties, some potatoes are more resistant to pests, 
diseases, and damages than others. The general anatomy of a potato tuber is shown in 
figure 3.1. 
Figure 3.1. General anatomy of potato tubers (Rastovski, 1981). 
More important to this research, each type of potato also differ on their chemical 
composition.  Initial fresh potato composition depends on many cultivation factors such 
as soil type, climate, cultivation practices (pesticides, fertilizer, machinery, etc), stresses, 
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and time of harvest. In average, potatoes tubers consist of about 77% water, 20% 
indigestible carbohydrates, and the rest consisting of other health-benefiting ingredients 
such as fiber (potato skin), protein, vitamins (ascorbic acid, B1, B2, B6), and minerals 
(magnesium, potassium, phosphorus, calcium sodium, zinc) (Zaheer and Akhtar, 2016). 
Pigmented potato varieties such as Highland Burgundy Red and Vitelotte also contain 
phytochemicals such as anthocyanins (i.e. lysine and glycine) and other phenolic 
compounds that behave as antioxidants when consumed (Eichhorn and Winterhalter, 
2005; Choi et al., 2016). Generally, companies such as Frito Lay, Kettle Foods, and 
Procter and Gamble cultivate their own non-pigmented potato species in order to 
produce their popular brands of potato chips (Lay’s, Kettle Brand, Pringles). 
One study that demonstrates how different the chemical composition of each 
potato variety can be is the Evaluation of Primary and Secondary Metabolites in Selected 
Varieties of Potatoes study done by Marecek et al. (2016). They selected 5 varieties 
(Agria, Marabel, Red Anna, Picasso, and Princess) to profile their metabolites (total 
phenols, flavonoids, reducing sugars, starch, and vitamin C) as well as their antioxidant 
activity using both the DPPH (2,2-diphenyl-1-picrylhydrazyl) and the 
phosphomolybdenum methods. They found that the Agria samples contained the highest 
total phenolic content while the Picasso contained the lowest: 1.550 ± 0.08 mg GAE.g-1 
and 0.474 ± 0.04 mg GAE.g-1, respectively. Red Anna contained the highest flavonoid 
content while the Picasso contained the lowest: 15.933 ± 1.47 µg QE.g-1 and 1.417 ± 
0.27 µg QE.g-1, respectively. Using the DPPH method, the Agria samples were found to 
have the highest antioxidant activity (1.5 mg TEAC.g-1) and the Picasso samples had the 
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lowest (0.9 mg TEAC.g-1). However, using the phosphomolybdenum method, they 
found that both the Red Anna and Princess samples had the highest antioxidant activity 
(24 mg TEAC.g-1) and the Picasso has the lowest (17 mg TEAC.g-1). Conclusively, they 
found that all measured metabolites were significantly different from one variety to the 
next and that antioxidant activity results can differ depending on the measurement 
method. 
3.2. Green Tea Extract 
Green tea was discovered in China around 3000 BC (Yang et al., 2014). It is 
derived from the leaves of the Camellia sinensis plant by non-fermentation heat 
processes (Suzuki et al., 2016). Figure 3.2 shows the general production process of green 
tea.  
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Figure 3.2. General process of green tea production (Liu, 2017). 
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Green tea extract is comprised of mainly flavanols compounds made of unit 
monomers called catechins (Namal, 2013; Labbé et al., 2006). These polyphenolic 
compounds constitute about 30% of the of the dry leaf weight (Graham, 1992). 
Catechins are antioxidants that act as free radical scavengers, chelate redox active 
transition-metal ions, inhibit pro-oxidant enzymes, and activate antioxidant enzymes 
(Babu et al., 2008; Shahidi et al., 1992). These catechins come as six different bioactive 
compounds: (+)-catechin, (-)-epicatechin (EG), (-)-epigallocatechin (EGC), (-)-
epicatechin gallate (ECG), (-)-epigallocatechin gallate (EGCG, and (-)-gallocatechin 
gallate (GCG) (Wang et al., 2000). Other polyphenols found in green tea are flavonols 
(glycosides) and depsides (chlorogenic acid, coumarylquinic acid, and theogallic acid) 
(Graham, 1992). Non-polyphenolic compounds found are caffeine (average 3% of total 
dry weight), theobromine, theanine, and theophylline (Namal, 2013). All the 
polyphenols are water soluble, colorless, create a bitter taste, and have high nutraceutical 
potential (Wang et al., 2000). Figure 3.3 shows the structure of the 6 major catechin 
compounds in green tea extract. 
12 
Figure 3.3. Structures of the six major catechins found in green tea extract (Li et al., 
2011).  
3.2.1. Green Tea Health Benefits 
There are many health benefits reported from the consumption of green tea. 
Some of them include anticancer effect, antioxidant effect, anti-inflammatory effect, 
anticollagenase effect, antifibrosis effect, and osteogenesis promotion (Albishi et la., 
(-)- Epicatechin (EC) 
(-)- Epigallocatechin-3-gallate 
(EGCG) 
(-)- Epicatechin-3-gallate (ECG) 
(-)- Epigallocatechin (EGC) 
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2013; Chu et al., 2017). Examples of catechin anticancer properties include the 
inhibition of the IGF/IGF-1R axis which in turns prevents diethylnitrosamine-induced 
obesity-related liver tumorgenesis, inhibition of PI3K/AKT and ERK pathways that can 
prevent pancreatic cancer orthopic tumor growth (Shimizu et al., 2011; Shankar et al., 
2013). In general, catechins can cause tumor cell death which impedes tumor migration 
and penetration (Wang et al., 2000).  
The antioxidant activity of catechins derives from their phenol rings (phenyl 
group, C5H6, attached to a hydroxyl group, -OH) which act as electron traps and free 
radical scavengers meaning that they help reduce the adverse effects caused by free 
radical species and other reactive oxygen compounds (Sevillano et al., 2013). One 
example is this is the inhibition of protein tyrosine nitration caused by oxidative stress in 
the blood platelet. However, high concentrations of certain catechins, such as EGCG, 
can cause cytotoxicity by inducing self-oxidation from the production of hydroxyl 
radicals, hydrogen peroxide, and quinonoid intermediates (Chu et al., 2017; Shahidi et 
al., 1992). 
Inflammation is caused by a large accumulation of immune cells at an 
inflammatory cite, and proinflammatory cytokines, reactive oxygen and nitrogen species 
(ROS/RNS) (Kamataa and Hirataa, 1999). EGCG can inhibit the transduction of the 
transcription factor, NF-Kb, and the activator protein, AP-1, compounds that are 
positively correlated to the amount of ROS/RNS, by scavenging peroxynitrite (Nagai et 
al., 2002). Ultimately, this can prevent or lessen inflammation.   
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Collagen is a 3-helix structure that is crucial component of the extracellular 
matrix and contains biological characteristics as biodegradability and biocompatibility 
(Goo et al., 2003). Collagenase is an enzyme that breaks down the bonds of the 3-helixs 
eliminating the structural stability of collagen. Collagen treated with the catechin EGCG 
showed resistant to the effects of collagenase at a temperature of 37°C (Jackson et al., 
2010; Madhan et al., 2007). 
Other catechin health properties include the prevention of dental caries by 
inhibiting the adhesion and biological activity of the cariogenic 
bacteriastreptococci, Streptococcus mutans and Streptococcus sobrinus, inhibition of the 
AIDS virus, and the elimination of the methicillin resistance characteristic of the MRSA 
virus, Staphylococcus aureus (Wang et al., 2000). There are several other health benefits 
that come from other green tea components. Caffeine decreases fatigue and has a 
diuretic effect (Miyoshi, 2015). Vitamin C is antiscorbutic and strengthens the immune 
system and eye health (prevents cataracts) (Suzuki et al., 2016). Theanine and γ-
aminobutyric acid lower blood pressure and regulate brain nerve functions (Miyoshi, 
2015). 
3.3. Antioxidant Thermal Stability 
As with most biotic compounds, polyphenols from green tea are heat sensitive 
meaning that they tend to degrade with increasing temperatures. Green tea compounds 
are typically extracted using some kind of heating process, therefore, it’s crucial to 
understand the extent of polyphenolic degradation that occurs after heat treatments. 
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 Li, Taylor, and Mauer (2011) found that catechin compounds (EGCG, EGC, 
ECG, and EC) follow a first-order degradation behavior when stored at 60˚C for 50 
days. They found that the main storage factor increasing the degradation rate was 
temperature and the second was relative humidity. However, there are many other 
factors that can affect the degradation and final concentration of phenolic compounds in 
a controlled system. Li, Taylor, Ferruzzi, and Mauer (2012) tested the effect of pH, 
initial extract concentration, and temperature on catechin degradation. They found that 
all tested factors, excluding pH, adversely affect most catechin compounds (excluding 
CG and GCG) stability at high values, with temperature once again being the main 
influencing factor. The concentration of CG and GCG showed a non-linear increase over 
time when stored at a temperature of 120°C. Most importantly, it was found that at a 
heating temperature of 120˚C, the remaining percentage of all compounds ranged from 
15 - 50% at a process time greater than 100 minutes. 
Another study that proved the first-order degradation kinetics of catechins was 
done by Muhamad, Yusoff, and Gimbun (2015). In their study, they extracted catechins, 
among other compounds, from Averrhoa bilimbi fruits to study their degradation rate 
constants and degradation activation energy using HPLC at temperatures ranging from 90 to 
120°C. After establishing a first-order degradation model, they found that catechins had the 
highest degradation rate from the other two compounds (nicotinic acid and pantothenic acid) 
for all studied temperatures meaning that they showed the greatest degradation. Catechins 
also had the lowest activation energy of 21.27 kJ mol-1 which implies that they are less 
sensitive to temperature change. 
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Labbe, Tremblay, and Bazinet (2006) also studied the effect of brewing 
temperature (50 to 90°C) and brewing time (0 to 80 minutes) on the stability and 
solubility of catechins. They found that the concentration dependency can be group in 
two categories: time dependent, and time and temperature dependent. Their model 
showed EGC and EC as more time dependent compounds and C, EGCG, GCG, and 
ECG as more time and temperature interdependent compounds. Optimal time and 
temperature for brewing were also highlighted. For time dependent compounds, optimal 
times and temperatures are 50°C and 20 – 40 minutes, respectively. For 
time/temperature dependent compounds, optimal time and temperature are 90°C and 80 
minutes, respectively. From their concentration models, it can be concluded that catechin 
concentration increased exponentially (due to increased solubility) with time and linearly 
with temperature until reaching a plateau.  
3.4. Applications of Antioxidants in Frying Processes   
From the above studies, it can be concluded that the degradation of the catechin 
compounds is dependent on many parameters but mainly on temperature, heating time, 
and storage conditions. The degradation follows a first-order model when heated from a 
controlled source and stored in a controlled environment. Antioxidant loss during frying 
processes has been attributed chemical degradation (major cause), volatilization due to 
high temperatures, and steam distillation (water content, in the form of steam, that 
escapes from food products during frying process) (Marmesat et al., 2016).  However, 
there are not many studies elucidating the degradation behavior of these compounds 
when exposed to high-temperature cooking processes as conventional frying (> 180°C) 
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(Peri and Saguy, 2015). This is due to two main facts: 1) green tea polyphenols are not 
generally used in fried food products as nutrition-enriching compounds, and 2) 
degradation of polyphenols becomes complex to model on systems such as convectional 
deep-fat-frying since there several reactions such as oxidation and heat transfer 
simultaneously occurring (Marmesat et al., 2016). Nevertheless, there are studies that 
demonstrate the general effect of frying temperatures on antioxidants.  
One important usage of antioxidants in frying is their ability to delay lipid 
oxidation.  Marmesat et al. (2016) reviewed the effect of frying temperatures (180°C) on 
the antioxidants of different frying oils such as sunflower, virgin, and sesame oils. At 
room temperature, autoxidation of lipids in the oil is low due to the ability of 
antioxidants to donate hydrogens to free radicals. Hyperoxides are the major product 
being formed. However, at temperatures greater than 150°C, the decomposition of 
hyperoxides is significantly higher than their formation which result in non-oxygenated 
dimeric and oligomeric triglycerides. At a frying temperature of 180°C and frying time 
of 10 hours, the tocopherol concentration of high oleic sunflower oil decreased from ~ 
600 mg/kg to ~ 150 mg/kg (75% decrease) and that of high linoleic sunflower oil 
decreased from ~ 600 mg/kg to 0 mg/kg. The polar compound percentage in the oil 
increased from 0 – 23% in the high oleic sunflower oil and from 3 - 13% in the high 
linoleic sunflower oil. The final percentage of polar compounds in each oil was much 
lower than that of those same oils that were initially stripped from tocopherols. In 
conclusion, they noted that there was a rapid exhaustion of antioxidants at high 
temperatures in less unsaturated oils. This could be due to the fact that oils with a higher 
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degree of unsaturation (higher amounts of double bonds) are more susceptible to 
oxidation. The authors also discussed the effectiveness of adding plant extracts such as 
herb and spices to the oils in protecting against lipid deterioration. While adding these 
extracts (tea, rosemary, oregano, sage, etc.) has proved to be effective, the results have 
been variable even for the same extract. This is due to inherent characteristics of natural 
products and the complexity of frying. The same extract can differ from study to study 
due to the slight differences in plant source, extraction method, extraction solvent, and 
concentration added. 
Similarly, Naz et al, (2004) found that all the added antioxidants reduced the 
oxidation rate of the corn oil when they deep-fat-fried French Fries for 180°C and 90 
minutes. The added antioxidants were derived from caffeic, ferulic, vanillic acid and 
crude tea extract (black). The degree of oxidation was measured using the peroxide 
value (PV), p-anisidine value (p-AV) and iodine value (IV). The control PV value after 
frying was 5.76 meq O2/kg while the p-AV value was 4.8. The antioxidants from ferulic 
acid had the greatest effect on both parameters lowering them to 2.6 meq O2/kg and 1. 
They also measured the lipid degradation or edible oils when stored and fried at different 
conditions. They found that the PV and p-AV values increased as the frying times 
increased from 30 to 90 minutes at a temperature of 180°C. They also stored the oils 
without frying for 30 days, which was the least PV and p-AV. These finds highlight the 
vulnerability of lipid during frying and the protective effect that antioxidants have on 
them.  
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Polyphenolic compounds have also been used in the meet industry to extend the 
shelf life of raw and fried meat during low-temperature storage. Hwang et al., (2013) 
studied chicken nuggets (fried at 190°C) with “various levels of ganghwayakssuk 
ethanolic extract (GE) in combination with ascorbic acid (Aa)” to access the 
effectiveness of antioxidants on the shelf life of a food products during storage (4°C). 
The shelf life was measured by peroxide values (POV), the thiobarbituric acid reactive 
substances (TBARS), change in microbial content, and sensory characteristics (color, 
juiciness, flavor, etc.). POV represents the product of primary lipid oxidation, 
hyperoxide, and TBARS represents the secondary lipid oxidation compounds such as 
aldehydes and carbonyls of hydrocarbons. They found that all antioxidant combinations, 
excluding Aa + GE 0.01, delayed lipid oxidation which means that they had lower POV 
and TBARS values as well as a lower microbial count compared to that of the control. 
The lightness and redness values of deep fried chicken nuggets decreased with 
increasing GE levels. 
Antioxidants have also been correlated with reducing the amount of acrylamide 
(cancerous compound) after frying foods with a high carbohydrate content. In order to 
see the effect of polyphenols on the acrylamide and lipid oxidation levels of fried 
potatoes, Packirisamy Azhagu Saravana Babu et al. (2016) immersed raw potato samples 
for 15 minutes in Caralluma fimbriata extract (CF) before frying and recorded the total 
content of many bioactive compounds after frying at a temperature of 190°C. Total 
phenolic content (TPC) was one parameter measured. The TPC of CF was measured to 
be 96.4 ± 0.1 mg GAE/g while the raw potato samples contained 27.4 ± 0.3 mg GAE/g 
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before frying. After being immersed in the CF for 15 minutes, the potato samples’ TPC 
increased to 91.1 ± 0.5 mg GAE/g before frying and decreased to 86.5 ± 0.4 mg GAE/g 
after frying. This gave a TPC content decreased of about 10.2%. Catechin content was 
also measured. Fresh FC was found to have a catechin content of 15.1 ± 0.5 mg CAE/g 
while that of the raw potato samples was 12.1 ± 0.2 mg CAE/g. After immersions, the 
catechin content of the samples increased to 13.3 ± 0.7 mg CAE/g before frying and 
decreased to 10.9 ± 0.6 mg CAE/g after frying. The average decrease of catechin content 
was found to be 18%. 
 All other bioactive compounds measured in this study (flavanols, flavonols, 
quercitin, ascorbic acid, etc.) showed a decrease of no higher than 20% after frying when 
the samples were immersed in CF. On the other hand, these compounds decreased up to 
about 43.2% after frying when immersed in an artificial antioxidant, butylated 
hydroxyanisole (BHA), and decreased up to 67.1% when immerse in distilled water 
(DW, control). In conclusion, they found that frying decreases the bioactive compound 
content of the potato samples even after being immersed in CF. However, the degree of 
degradation of these compounds was much lower for CF-immersed samples than both 
BHA- and DW-immersed samples.  
3.5. Vacuum Impregnation 
Green tea extract will be transferred into the potato slices using osmotic 
treatment. Osmotic treatment is the modification of food material through mass transfer 
through partial water removal and integration of solutes (Fito et al., 2001). Osmotic 
treatment involves two major counter flows: flow of water from the food material to the 
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osmotic solution and flow of solute from the solution to the food material.  This is done 
until the process reaches equilibrium. The treatment application depends on the chosen 
operation conditions such as temperature, pressure, time, and solution composition, food 
geometry, and contact between the solution and the food material. The major goal of 
osmotic treatment is to complete the necessary mass transfer without affecting the 
physical integrity of the food’s structure (Fito et al., 2001).   
The type of osmotic treatment used in this experiment is vacuum impregnation 
(VI). This technique involves the exchange of the internal gas or liquid resting in the 
pores of the fruits and vegetables for an external liquid phase encouraged by pressure 
changes due to the hydrodynamic mechanism (HDM) (Zhao and Xie, 2004). After the 
product containing the liquid phase is immersed in a closed tank, a vacuum pressure, p1, 
is imposed for a short time, t1. This allows for the expansion and outflow of the internal 
gas in the product’s pores taking along native liquid. The tank is then restored to an 
atmospheric pressure, p2, for time, t2. The compression minimizes the gas volume in the 
pores promoting external liquid influx. In simpler terms, during the vacuum application 
to the system, the internal gas/liquid of the food sample expands and flows out its pores, 
and during the atmospheric pressure restoration, the external liquid (VI solution) flows 
into the pores. Figure 3.4 shows the general process of vacuum impregnating a raw 
potato slice in green tea extract.   
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Figure 3.4. Vacuum impregnation (VI) process of a potato slice in green tea extract. 
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One important factor of the VI technique is the type of solution used. Since green 
tea extract is highly soluble in water, the VI solution will be a diluted extract-distilled 
water solution. Other advantage of water is that it is chemically stable, one of the best 
solvents, a Newtonian fluid (predictable laminar flow) with relatively low viscosity, and 
readily available (Munson et al., 2013). In summary, distilled water is the easiest solvent 
to manage, control, and measure.  
Two of the main characteristic advantages of VI are quality preservation and 
energy savings. Quality is sustained because of the low process temperature and thus 
creates less heat damage to the sample. This ultimately preserves the color, flavor, and 
aroma of the fruits and vegetables. Energy is saved due to the lack of a heat source that 
is required in other processes generally used to obtain the same mass transfer goal. 
Vacuum impregnation has become an efficient instrument for creating functional foods. 
It allows you to enrich food products with beneficial components such as antimicrobial 
agents, antioxidants, and firming agents (Yurttas et al., 2014). This improves food 
quality and increases the product’s shelf-life. Vacuum impregnation is usually used as a 
precursor to other complementary treatments such as drying, freezing, canning, and 
drying (Zhao and Xie, 2004).  
Yurttas et al. (2004) prolonged the storage life of white button mushrooms by 
impregnating them with anti-browning solution constituting of 2g/100g of ascorbic acid 
+ 1g/100g of calcium lactate. This was followed by irradiation of the mushroom sliced
using a 1.35 MeV electron-beam accelerator at 1 kGy.  After a 15-day storage at 4°C, the 
slices impregnated with the anti-browning solution and irradiated were the only ones 
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with acceptable color and texture values. The control mushroom slices had extensive 
structural damage.  
Moreno et al. (2017) studied the efficiency of vacuum impregnation (VI), 
convectional heating (VC), ohmic heating (OH), and combination (VI/CV and VI/OH) 
on fortifying apple cubes with L-arginine. They were able to increase the L-arginine 
content from 0.44 ± 0.01 mg/g dry matter (fresh sample) to 4.97 ± 0.07 mg/g dry matter 
when suing a combination of VI and OH at 50°C. A similar study was done by Zhao et 
al. (2005). They developed fresh cut applies fortified with vitamin E (up to 21.8 mg) and 
minerals by vacuum impregnating the raw samples with 20% high fructose corn syrup.  
3.6. Vacuum Frying  
Convectional deep-fat frying is one of the most ubiquitously used culinary 
processes due to its versatility, low-cost nature, and its production of foods with highly 
desired sensory attributes (Peri and Saguy, 2015). Practically anything can be deep-fat 
fried due to its very straight-forward methodology. Fried foods have become a popular 
staple for American people. Americans consumed $110 billion dollars-worth of fast food 
in 2000 which was largely driven by the fried food options (Da Silva and Moreira, 
2008).  
In general, deep-fat frying is the process by which a food product is completely 
submerged in cooking oil that has been heated at a high temperature. The food product is 
conductively heated until its internal temperature reaches a point deemed safe for 
consumption (Baumann and Escher, 1995). Fried food popularity is attributed to its 
highly desired sensory qualities of color, texture, small, and taste. Fried food quality is 
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dependent on serval processing factors which include frying temperature, time, oil 
quality, and oxygen availability. Food composition changes greatly due to frying 
processes. Fried food is dehydrated to a very low moisture content and typically high oil 
content. Micro and macronutrients are also affected. The concentration of the majority of 
nutrients decreases with increasing time and temperature.   
The type of oil used to deep-fat frying also influences the quality of the final food 
product. Depending on their chemical and physical properties, some oils are more prone 
to oxidation and hydrolysis reactions than others which in turn can have a negative effect 
on the quality of the food (rancidity, bad odors, etc.). More specifically, their stability is 
dependent on the composition of the fatty acids and natural antioxidants (Warner and 
Moser, 2009). During deep-fat frying, there is a high absorption of oil which produces 
food products containing relatively high amounts of fat. Therefore, due to the market 
trend towards the consumption of low-fat foods, predominantly frying-based industries 
are urged to develop novel technologies as well as make improvements to their 
traditional frying process in order to produce low-fat foods with comparable sensory 
qualities (Peri and Saguy, 2015). Vacuum frying has the potential to be a crucial 
instrument towards this new health standard.  
Vacuum frying is the process of heating food at reduced pressures of less than 
6.67 kPa (Moreira et al., 2009). This decreases the boiling point of the oil and thus 
lowers the required oil frying temperature minimizing heat damage to the product and its 
components. Commonly used atmospheric frying temperatures to make potato chips 
range from 150 to 200˚C (Yildiz et al., 2007). Antioxidants deplete rapidly at 
26 
temperatures between 170 and 190˚C (Marmesat et al., 2016). Therefore, to preserve as 
much of the phenolic content as possible, vacuum frying is going to be utilized in this 
study.  
Vacuum frying would not only preserve the total phenolic content of the final 
fried product, but it will also optimize other critical physiochemical properties. For 
example, compared to traditional atmospheric deep-fat-frying, vacuum fried products 
can have less oil content, less color degradation, and reduced acrylamide formation (Da 
Silva and Moreira, 2008).  
Da Silva and Moreira (2008) fried severable vegetables in both vacuum and 
atmospheric conditions to compare both systems’ efficiency in producing high quality 
products. They found that for vacuum fried sweet potato chips and green beans, their oil 
content was 24% and 16% lower, respectively, than those fried in atmospheric 
conditions. Contrarily, the blue potato and mango chips had 6% and 5% more oil, 
respectively, than those atmospherically fried. They also measured the anthocyanins and 
carotenoids (some introduced by soaking in a 50% maltodextrine 0.15% citric acid 
solution) retained in several of the vegetables the after frying. Vacuum fried blue potato 
chips retained 60% more anthocyanins (mg/100 g d.d.) than the atmospherically fried 
samples. Vacuum fried green beans, mango chips, and sweet potatoes had 18%, 19%, 
and 51% more carotenoids (mg/100 g d.d.), respectively, than the samples fried at 
atmospheric conditions.  
Wexler et al. (2016) compared convectional with vacuum frying by frying 
papaya slices previously osmotically impregnated with blackberry juice. They fried the 
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slices at a temperature range of 126 – 154°C using atmospheric frying and at 110 – 
127°C using vacuum frying. They found that vacuum frying was favored due to its oil 
content (92.3 – 155.8 g/kg) and color. Atmospheric frying was favored due to the 
hardness (0.7 – 17.5 N) and hue value range. It is important to note that for this 
experiment, oil content was greater in the samples vacuum fried than those 
atmospherically fried. Water activity range was similar for both processes while the 
humidity activity range for vacuum fried samples tended to be lower. 
Mariotti-Celis et al. (2017) compared the effect of vacuum and atmospheric 
frying potatoes on the concentration of two toxic by-products, furan and acrylamide. 
They fried the potato samples at 50, 60, and 70°C. They found that the vacuum fried 
potatoes had 81, 58 and 28% reduction of furan, acrylamide, and oil content, 
respectively, when compared to at sampled fried at atmospheric conditions. Belkova et 
al. (2018) also made a comparison between the acrylamide content in two varieties of 
potatoes, Saturna and Impala, fried at both vacuum and atmospheric conditions. The 
potato slices were fried in rapeseed oil at 125°C using VI and 165°C using atmospheric 
frying. The acrylamide content of both varieties of potato ranged from 125 – 244 µg/kg 
(frying time of 180 sec – 360 sec) when fried using vacuum conditions and from 796 – 
9089 µg/kg (frying time of 105 – 135 sec) when fried using atmospheric conditions. This 
showed a 98% acrylamide content decrease when using VI compared to atmospheric 
frying. They also noted that vacuum frying also reduced Maillard reaction products, 
mainly alkylpyrazines.  
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CHAPTER IV 
MATERIALS AND METHODS 
4.1. Preparation 
4.1.1. Raw Material 
The potatoes used for the optimization of vacuum impregnation parameters were 
provided by Frito-Lay North America, Inc. in Plano, Texas. The potatoes used for the 
rest of the experiment were provided by CSS Farms in Dalhart, TX. They were stored in 
a humidifier-refrigeration system located at the Texas A&M Hobgood Building at 
optimal conditions (~6.6 °C and 90-98% relative humidity). Before use, they were stored 
at atmospheric conditions for no more than four days at room temperature to allow 
reconditioning of the potato (specific gravity of 1.09 ± 0.1) and to lower the reducing 
sugar content before processing and thus reduce browning due to Maillard reactions 
(Yagua Olivares et al., 2010). 
4.1.2. Sample Preparation 
Each potato was peeled and sliced using a mandolin slicer (Matfer model 2000, 
France) to a uniform thickness of 1.6 mm (0.5 ± 0.2 g per slice), measured with a 
thickness gage (Mitutoyo Thickness Gage, Japan). Using a cylindrical metal cutter, each 
slice was cut to a diameter of 5.08 cm.  
4.2. Vacuum Impregnation (VI) 
4.2.1. Vacuum Impregnation Solution Preparation  
The sample VI solution was prepared with Herb Pharm® green tea extract derived 
29 
from the leaves of the Camellia sinensis (Village Food Store, College Station, TX, 
USA). To make the VI solution, 10, 15, and 20 mL of green tea extract were each diluted 
with 400 mL of distilled water giving concentrations of 2.5, 3.75, and 5 v/v, 
respectively. The solution was stirred before use to increase the homogeneity. If storage 
was needed, each VI solution was covered with aluminum foil to stop phenolic 
degradation due to light and refrigerated until use (no VI solution older than 24 h was 
used). 
4.2.2. Vacuum Impregnation System  
A vacuum impregnation system composed of a vacuum pump (Emerson Motor 
Division, St. Louis, MO., USA) and a vacuum glass desiccator (Pyrex®, Brazil) was 
used in this experiment. In order to optimize mass transfer during impregnation, four 
weighted potato slices were each immersed in separate containers partly filled with 100 
mL of the VI solution. It was observed that the potato slices flowed up to the surface of 
the VI solution during the vacuum session of the process, therefore, 2 U-shaped metal 
wires were used to maintain the slices under the solution. The 4 containers were then 
transferred inside the glass desiccator. The pump was turned to pressures of 300 mmHg. 
The samples were impregnated for 5 minutes followed by 5 minutes of atmospheric 
restoration (VT/AT of 5/5 min). This was repeated 2 more times for a total of 3 trials. 
For the same pressure of 300 mmHg, this procedure was repeated for the remaining 
VT/AT of 10/10 min and VT/AT of 15/15 minutes. For each trial, after restoration, each 
chip was again weighted in order to measure VI solution transfer. The entire procedure 
was again repeated for 400 mmHg and 600 mmHg in triplicate total repetitions for each 
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pressure. Figure 4.1 shows a schematic drawing of the VI set-up, and Table 4.1 enlists 
each set of experiments done to optimize all vacuum impregnation parameters. This 
process gave the optimal green tea concentration, vacuum pressure, and vacuum time 
later used in combination with vacuum frying. The same VI steps were followed before 
the slices were fried.  It’s important to note that each potato slice rested for 2 hours in the 
VI solution after vacuum impregnation before vacuum frying was implemented, as 
shown by the last set in Table 4.1.  
Figure 4.1. Schematic drawing of vacuum impregnation (VI) system. 
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Table 4.1. Experimental design needed to optimize vacuum impregnation parameters. 
Set # 
Experiment 
# 
Factor 1 
Green Tea 
Concentration 
[v/v] 
Factor 2 
Vacuum 
Pressure 
[mm Hg] 
Factor 3 
Vacuum Time 
[min] 
Factor 4 
Restoration 
Time [min] 
1 
1 2.5 300 5 5 
2 2.5 300 10 10 
3 2.5 300 15 15 
4 3.75 300 5 5 
5 3.75 300 10 10 
6 3.75 300 15 15 
7 5.0 300 5 5 
8 5.0 300 10 10 
9 5.0 300 15 15 
2 
10 2.5 450 5 5 
11 2.5 450 10 10 
12 2.5 450 15 15 
13 3.75 450 5 5 
14 3.75 450 10 10 
15 3.75 450 15 15 
16 5.0 450 5 5 
17 5.0 450 10 10 
18 5.0 450 15 15 
3 
19 2.5 600 5 5 
20 2.5 600 10 10 
21 2.5 600 15 15 
22 3.75 600 5 5 
23 3.75 600 10 10 
24 3.75 600 15 15 
25 5.0 600 5 5 
26 5.0 600 10 10 
27 5.0 600 15 15 
4 28 5.0 600 10 120 
4.3. Vacuum Frying (VF) 
4.3.1. Vacuum Frying Set-up 
The vacuum fryer system used for this study consists of an aluminum kettle 
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(Wisconsin Aluminum Foundry Co., Inc., Manitowac, WI, USA) with a 5 L oil capacity 
connected to a vacuum pump (Kurt J. Usker Co. Model No. 1402), condenser (Copeland 
AFE 11C3E-1AA-103), and computer reading system (Personal Daqview Plus). This 
schematic is shown in Figure 4.2. The program Personal Daqview Plus will be used to 
read and monitor the condenser temperature and the vacuum pressure inside the closed 
tank. The cap of the tank contains an attached basket and a centrifugation system used 
for de-oiling after frying.  
Figure 4.2. Schematic drawing of vacuum frying system (Da Silva and Moreira, 2008). 
De-oiling Mechanism 
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4.3.2. Vacuum Frying: Total Phenolic Content Degradation Kinetics 
Degradation kinetics of phenolics in vacuum impregnated potato slices was tested for 
each of the three chosen temperatures—110, 120, and 140°C—by varying the frying 
times from 20 seconds to 720 seconds. For the first trial, canola oil was heated to 110°C.  
When the program indicated that the condenser temperature reached less than or equal to 
–15°C and going out temperature reached greater or equal to -4°C, the four impregnated
slices were placed in the fryer’s basket connected to the cap of the tank. 
After the tank was closed, vacuum pressure was introduced to the fryer. After a 
pressure of 1.33 kPa was reached, the basket was submerged into the oil for 20 seconds. 
After frying was completed, the potato chips were centrifuged for 30 s in order to 
remove surface oil. These steps were repeated for the remaining times of 40, 60, 80, 100, 
120, 140, 180, 240, 300, 360, 480, 600, and 720 seconds in replicates of 3. After 
completing the frying for 110°C, this whole procedure was repeated for the remaining 
temperatures of 120°C and 140°C, also in total triplicate repetitions. Moisture, oil 
content, color, and total phenolic content of the final product was measured for each data 
point. Table 4.2 shows the experimental design used to measure the thermal degradation 
kinetics of the phenolic compounds for each temperature. 
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Table 4.2. Experimental design needed to optimize vacuum frying parameters. 
Set # Experiment # 
Factor 1 
Temperature [°C] 
Factor 2 
Time [sec] 
1 
1 
110 
0 
2 20 
3 40 
4 60 
5 80 
6 100 
7 120 
8 140 
9 180 
10 240 
11 300 
12 360 
13 480 
14 600 
15 720 
2 
1 
120 
0 
2 20 
3 40 
4 60 
5 80 
6 100 
7 120 
8 140 
9 180 
10 240 
11 300 
12 360 
13 480 
14 600 
15 720 
3 
1 
140 
0 
2 20 
3 40 
4 60 
5 80 
6 100 
7 120 
8 140 
9 180 
10 240 
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Table 4.2 Continued 
Set # Experiment # Factor 1 
Temperature [°C] 
Factor 2 
Time [sec] 
11 300 
12 360 
13 480 
14 600 
15 720 
4.4. Atmospheric and Dual-Step Vacuum Frying for Comparison 
4.4.1. Vacuum Frying (VF) 
From the moisture content and total phenolic content results, the vacuum fried 
time that yielded a product at 2% MC (d.b.) or less and temperature that produced 
products with the highest TPC were chosen for further quality testing that included 
measuring attributes such as color, texture, moisture content, oil content, and total 
phenolic content. These attributes were compared with those from potato chips samples 
fried using both the dual step and atmospheric frying processes, described below. The 
chosen temperature and time were 140°C and 100 seconds.   
4.4.2. Traditional Atmospheric Frying (AF) 
An electric-fired fryer (George Foreman GSF026B Deep Fryer with Smart Spin 
Technology) containing a centrifuging system (maximum rotational speed 457 rpm (13.8 
g units)) was used to fry the potato chips at atmospheric pressure in canola oil. The four 
potato chips (3.5 ± 0.5g) were fried at a temperature of 165°C for 4 minutes. This was 
repeated a total of three times.  
4.4.3. Dual Step Frying (DS) 
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Dual step vacuum frying was performed using the same system as that used for 
vacuum frying. This frying process includes two stages: atmospheric and vacuum frying. 
A temperature of 140°C and a combination time of 1 min AF + 80 sec VF gave a 
product with a moisture content of less than 2% db. The four potato chips were first fried 
at atmospheric conditions at a temperature of 140°C for a frying time of 1 minute—time 
it takes to partially cook the potato slices. The potato chips were then taken out of the 
oil, and the vessel was depressurized to vacuum conditions. The basket was lowered 
once again submerging the potato chips back into the oil for an additional time of 80 
seconds. After frying, the final product was centrifuged for 30 seconds. This procedure 
was repeated three times (Yagua Olivares et al., 2010). 
The experimental design for the different frying methods is shown in Table 4.3. 
Several product quality attributes—moisture, oil, texture, color, density, porosity, 
diameter shrinkage, and thickness expansion—of the raw potato slices and the fried 
chips were measured to compare the effects of the frying method on the final product 
quality. 
Table 4.3. Experimental design for the different frying method experiments. 
Set # Experiment # Factor 1 
Frying time [s] 
Factor 2 
Temperature [oC] 
Factor 3 
Frying Pressure [kPa] 
1 1 0 0 0 
2 100 140 1.33 
2 1 0 0 0 
2 240 165 101.33 
3 1 0 0 0 
2 60/80 140 101.33/1.33 
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4.5 Solid Gain (SG) 
Solid gain (SG) was calculated for every sample vacuum fried. It was calculated 
using the following equation: 
𝑆𝐺  =
𝑊𝑓−𝑊𝑖
𝑊𝑖
𝑥100 (1)  
where Wi (g) is the initial weight of the sample before impregnation and Wf  is the 
final sample weight after impregnation. 
4.6. Moisture Content (MC) 
Moisture content of the potato chips was measured using a Line Instruments, Inc. 
vacuum drying oven after two processes: 1) impregnation to optimize the system, 2) 
after frying to analyze product quality (MC < 2%) and to graph polyphenolic thermal 
degradation kinetic behavior. The impregnated slices or fried chips were broken into 
smaller pieces then weighed. About 3 g of potato was placed in a dried and weighed 
aluminum container to rest in the oven at 70 ˚C under gauge pressure of -30 in until 
moisture content became constant (AOAC, 2000). The dehydration times giving a 
constant MC were found to be for 10 hr (after impregnation) and 7 hr (after frying). MC 
was recorded and calculated at both wet (w.b.) and dry basis (d.b) using the following 
equations: 
𝑀𝐶(𝑤. 𝑏. ) =
𝑀𝑤𝑒𝑡−𝑀𝑑𝑟𝑦
𝑀𝑤𝑒𝑡
(2)  
𝑀𝐶(𝑑. 𝑏. ) =
𝑀𝑤𝑒𝑡−𝑀𝑑𝑟𝑦
𝑀𝑑𝑟𝑦
(3) 
where Mwet (g) is the mass of the sample before drying and Mdry (g) is the mass of the 
sample after drying. This process was repeated three times per sample type. In order to 
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analyze the effect of impregnation on MC, the change in MC was calculated using the 
following equation:  
∆𝑀𝐶(𝑑. 𝑏. ) = 𝑀𝐶𝑓 − 𝑀𝐶𝑖                                                         (4)
where MCi is the moisture content of the raw sample and the MCf is the moisture 
content of the impregnated sample in dry basis.    
4.7. Oil Content (OC) 
The Soxtec System HT 1040 oil extraction system (Pertorp, Inc., Silver Spring, 
MD, USA) was used to de-fat the potatoes chips. The mineral oil of the heating unit 
must reach a temperature greater than 99 ˚C before using. Petroleum ether, 35 ˚C – 60 ˚C 
(Macron Fine ChemicalTM, Center Valley, PA, USA) was used as the solvent.  About 6 g 
of dried potato chips were grounded into a powder-like material then distributed equally 
into 3 cellulose thimbles (model 2800256, Whatman, England). The aluminum cups 
were placed in a convection oven at 50 ˚C for 15 min and then a desiccator for 20 min in 
order to cool down to room temperature at dried conditions. The cups were each 
weighed before 50 mL of petroleum ether is added to each. The thimbles containing the 
chip samples were placed in the extraction unit followed by the aluminum cups. The 
thimbles were first submerged in the petroleum ether using the boil setting of the 
extraction unit for 40 min with open valves. This was followed by the rinse setting for 40 
minutes and then the evaporation setting for 20 min with closed valves. The aluminum 
cups were again oven dried, cooled to room temperature, and weighed in order to 
measure OC. The following equation was used for OC calculations in dry basis: 
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𝑂𝐶(𝑑. 𝑏. ) =
𝑊2−𝑊1
𝑀𝑖
  (5)  
where W2 (g) is the final weight of the cup, W1 (g) is the initial weight of the cup, and Wi 
(g) is the weight of the dried potato chips in each thimble.
4. 8. Total Phenolic Content (TPC)
4.8.1. Solvent Solution 
Acetone (WWR International LLC, Radnor, PA, USA) was used as the solvent for 
extracting the phenolic compounds. 0.1 mL of acetic acid (Spectrum Chemicals) was 
added to 70 mL of acetone to neutralize the acetone. This was made up to 100 mL with 
distilled water. 
4.8.2. Phenolic Extraction  
Phenolic extraction was done both after VI and after VF to optimize the VI process 
and measure VF efficacy in preserving TPC. About 3 grams of the impregnated and raw 
or fried and defatted potato chip samples were blended in a Waring commercial 
laboratory blender accompanied by the 100 mL of the acetone solvent solution. The final 
acetone extract was filtered on a Buchner funnel under vacuum. Acetone was evaporated 
from the sample extracts using a Heidolph Laborota 400/ efficient rotary evaporator 
connected to a Lauda K-4R cooling system (Brinkmann Instruments) and a KNF 
Neuberger, Inc. vacuum pump. The final extract volume was measured and recorded.  
4.8.3. Total Phenolic Content Measurement   
Both the gallic acid standard curve and the total phenol content (TPC) were 
created/measured using the Folin-Ciocalteu colorimetric method as described by 
Singleton, Orthofer, and Lamuela-Raventos (1999). The results were expressed as mg of 
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gallic acid equivalents (GAE) per 100 g of dried weight. For the VI optimization section, 
the change in TPC was calculated using the following equation: 
∆𝑇𝑃𝐶 = 𝑇𝑃𝐶𝑓 − 𝑇𝑃𝐶𝑖                                                         (6) 
Where TPCi is the total phenolic content of the raw material and TPCf is the total 
phenolic content of the sample after impregnating at different pressures and times.  
4.9. Other Product Quality Attributes 
4.9.1. Color  
Color of the fried samples was measured using a Hunter Lab Colorimeter 
Labscan XE (Hunter Associates Laboratory, Reston, VA). Color measurement of nine 
potato chips was taken for each temperature level and VI solution. The colorimeter was 
calibrated utilizing a standard black plate and white plate (Y=94.00, x=0.3158, 
y=0.3322). Three readings of L* (lightness), a* (red-green), b*(yellow-blue) values were 
recorded for each potato chips (Garayo and Moreira, 2002; Yurttas et al., 2014). Using 
both the a* and b* values, chroma and hue angle were calculated using the following 
equations: 
𝐶∗ = √𝑎∗2 + 𝑏∗2 (7) 
ℎ° = tan−1
𝑏∗
𝑎∗
(8) 
Where C represents the chroma value of the samples and h° represents its hue angle 
value. 
4.9.2. Texture  
Texture of each potato chip sample was measured using a compressive puncture test 
on a Brookfield CT3 Texture Analyzer (Brookfield Engineering, Middleboro, MA). 
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Hardness, or maximum force required to rupture the sample, was used as a 
representative characteristic of texture. The 0.018 m hollow TA-DEC Pot (2-point 
support) was used with the TA18 stainless steel spherical probe (d =12.7 mm and m = 30 
g). Hardness (N) vs. times (s) values of each sample were collected and analyzed.  
Texture was evaluated on samples fried using the 3 different frying methods (VF, DS, 
and AF) in triplicate repetitions. The tests were performed using nine chips samples per 
method at room temperature. 
4.9.3. True Density 
The true volume, defined as the volume occupied by solid matter and water, of 
approximately 1 g of ground samples of raw and fried potato slices without oil (de-oiled 
chips) was determined using a compressed helium gas multi-pycnometer (Quantachrome 
& Trade, NY, USA). The solid volume was determined by two pressure readings given 
by the pycnometer. Knowing the volume of the reference (Vr) and the cell (Vc), the solid 
volume (Vt) was calculated by: 
𝑉𝑡𝑏 = 𝑉𝑐 − 𝑉𝑟 ∙ (
𝑃1
𝑃2
− 1) (9) 
where P1 and P2 is initial and final pressure given by the pycnometer, respectively; Vc is 
the volume of the sample cell, and Vr is the volume of the reference cell. The volumes of 
the sample and reference cell are constants obtained by previous calibration of the 
equipment; the values of Vc and Vr used in this study are 13.045 and 7.379, respectively. 
True density, ρt, was calculated using the following equation: 
𝜌𝑡 =
𝑀𝑠
𝑉𝑡
(10) 
where Ms is the weight of the de-oiled sample (g) and Vt is the true volume of the sample 
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(m3). The test was performed in triplicate. 
4.9.4. Bulk Density 
The bulk volume was measured using the liquid displacement technique with 
ethanol (Da Silva et al, 2008; Nunes and Moreira, 2009) with a solution of 10% ethanol. 
Eight potato chips were weighed, and the volume in the apparatus was recorded with and 
without the sample. Bulk density was then determined by dividing the weight of the 
chips without oil (de-oiled) by its bulk volume. The weight of a de-oiled chip was 
calculated from the original weight of the chip and the oil content data. Bulk density, ρb, 
was determined using the following equation:  
𝜌𝑏 =
𝑀𝑠
𝑉𝑏
(11) 
where Ms and Vb are the weight of the de-oiled sample (g) and bulk volume (m
3), 
respectively. The test was performed in triplicate. 
4.9.5. Porosity 
The porosity, ɸ, of the potato chips was calculated as: 
ϕ = 1 −
𝜌𝑏
𝜌𝑡
(12) 
where ρb is bulk density and ρt is true density. 
4.9.6. Diameter Shrinkage and Thickness Expansion 
The diameter and thickness of raw and fried potato slices were measured using a 
steel caliper (MG Tool Co., New York, NY, USA). Four slices and four readings per 
slice will be recorded for each treatment. 
The degree of diameter shrinkage, D, was calculated by: 
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𝐷 =
𝑑𝑜−𝑑(𝑡)
𝑑𝑜
× 100  (13) 
where do is the initial diameter of the raw sample (m) and d (t)is the diameter of the 
sample at frying time t (m). 
 The degree of thickness expansion, L, was calculated by: 
𝐿 =
𝑙𝑜−𝑙(𝑡)
𝑙𝑜
× 100  (14) 
where lo is the initial thickness of the raw sample (m) and l(t) is the thickness of the 
sample at frying time t (m). 
4.10. Sensory Analysis 
To test the potato chip’s sensorial qualities, a panel of 30 people (students, 
faculty, and staff) were given 6 different fried potato chips—3 non-impregnated (NI) and 
3 impregnated (VI) to analyze. Each set of NI and VI potato chips was fried using the 
three systems: 1) VF at 140°C for 100 seconds, 2) potato chips fried using dual step 
frying (1 min ATM + 80 sec VAC at 140°C), and 3) potato chips fried using AF at 
165°C for 4 minutes. Each sample was administered in white paper napkins. The panel 
rated five different attributes for each sample which included color, odor, texture, flavor, 
and overall quality. 
Each sample was numbered using an online randomization scale. Initially, a 
potato chip sample numbered “323” was administered to each panelist separately. The 
labelling was not explained to any of the participants to create a single-blind test.  After 
a panelist was finished grading sample 323, they were asked to drink water to cleanse 
their pallet and commence grading the next samples administered—samples were given 
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in as shown in Figure 4.3. Each sample was distributed separately to eliminate 
comparison between them. Before the evaluation started, it was explained to the 
participants that the samples were “special treated potato chips” processed and fried 
using particular methods. This was done to minimize the possible comparison to 
regularly purchased potato chips.  
Figure 4.3. Six samples analyzed by each panelist during the sensory evaluation test. 
A 9-point hedonic scale was used to grade the attributes of each potato chip 
sample (Feng, 2017). A score of 1 will represented “Dislike extremely” and a score of 9 
represented “Extremely liked”. A score of 5 or greater was deemed acceptable. Using 
this system, the panelists judged each potato chip sample separately to minimize 
comparison between samples and skewed scores. Each quality parameter’s final scores 
were then analyzed and compared. The evaluation sheet is shown in Figure 4.4. 
AF NI SAMPLE 
 
DUAL-STEP VI SAMPLE VF NI SAMPLE 
AF VI SAMPLE 
 
DUAL-STEP NI SAMPLE VF VI SAMPLE 
323 512 460 
879 648 129 
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Figure 4.4 Sensory evaluation sheet given to each panelist. 
4.11. Statistical Analysis 
All measurements were done in triplicate. JMP 12 Pro was used for statistical 
analysis. One-way-analysis of variance test (ANOVA) was used to compare calculated 
means. Data values were noted as mean values ± standard deviation (significant 
differences were calculated using Wilcoxon signed rank test at p < 0.05).  
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CHAPTER V 
RESULTS AND DISCUSSION 
5.1. Vacuum Impregnation Optimization  
5.1.1 Effect of VI on Solid Gain and Moisture Content 
Vacuum impregnation was used as a precursor to vacuum frying. Therefore, 
before any frying could begin, the vacuum impregnation process was optimized. 
Optimization incurred three major variables: green tea (GT) concentration, vacuum and 
restoration time, and pressure. In addition to measuring TPC, both the solid gain (SG) 
and change in MC (ΔMC) were calculated. Tissue deformation between samples, 
irreversible tissue deformation, or reduced tissue rigidity of potato slices by the 
deformation-relaxation phenomenon all affect the solution content in the impregnated 
samples (Fito et al., 1996). In other words, the sample’s initial properties can affect the 
concentration of solutes gained during VI. Vacuum solution viscosity also effects the 
mass transfer during vacuum impregnation. However, the amount of green tea extract 
did not significantly change the viscosity of the receiving water, therefore, the effect of 
the VI solution viscosity on the solid gain is comparable to that of water.  
Solid gain is represented by the difference between the potato slice weight before 
VI and that after VI, without any type of dehydration (Eq. 1). Each potato slice used had 
an initial weight of 3.50 ± 0.50 g. There was a significant (p < 0.05) solid gain during 
vacuum impregnation (Table 5.1). The mean solid gain for a green tea concentration of 
2.5 % v/v ranged from 9.80 ± 0.24% to 12.10 ± 0.63%. The solid gain for GT 
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concentration of 3.75% ranged from a low of 9.33 ± 0.56% (VP = 300 mmHg, VT = 5 
minutes) to a high of 11.52 ± 0.11% (VP = 300 mmHg, VT = 15 minutes). Similar to the 
two previous GT concentrations, the solid gain for 5.0% GT concentration ranged from a 
low of 9.12 ± 0.75% (VP = 450 mmHg, VT = 10 minutes) to a high of 12.01 ± 0.11% 
(VP = 600 mmHg, VT = 10 minutes). The overall range of the solid gain for all trials is 
2.77 ± 0.56%. As seen from the statistical analysis, most of the solid gain values 
gathered were not significantly different from each other. This means that the three VI 
factors didn’t have a significant effect on the amount of solid gained during VI.  
To measure the effect of vacuum impregnation on the moisture content of the 
samples, the change in moisture content (d.b.) was calculated by subtracting the MC of 
the raw sample from the MC of the impregnated samples (Eq. 2 – 4). The minimum 
ΔMC of 0.22 ± 0.35 d.b. was given when the samples were submersed in a concentration 
of 3.75% at VP of 450 mmHg for VT of 5 minutes while the maximum ΔMC of 1.28 ± 
0.98 d.b. was given when the samples were submersed in a 5.0% GT concentration at a 
VP of 600 for VT of 15 minutes. For all time and concentrations values, the samples 
vacuum impregnated using a pressure of 600 mmHg exhibited the greatest average ΔMC 
compared to the other remaining pressures. However, there was no statistical difference 
found between the ΔMC of every trial, no matter the concentration, time, and pressure 
used, as shown in Table 5.1. No apparent correlation was found between the three 
independent variables and the two dependent variables. There was also no correlation 
found between the solid gain and the change in moisture content.  
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Table 5.1. The effect of vacuum impregnation on both the solid gain and moisture 
content of the potato samples.  
GT 
Concentration 
[v/v]    
VP 
 [mmHg] 
AT/VT 
 [min] 
Solid Gain 
[%] 
ΔMC 
[d.b.] 
2.50 
300 
5 9.80 ± 0.24
a 
0.30 ± 0.91 
10 10.65 ± 0.03
b 
0.31 ± 0.62 
15 10.08 ± 0.08
b 
0.40 ± 0.73 
450 
5 11.33 ± 1.01
b 
1.06 ± 0.41 
10 12.10 ± 0.63
c 
0.86 ± 0.52 
15 11.29 ± 0.23
b 
0.60 ± 0.55 
600 
5 11.19 ± 0.47
b 
0.26 ± 0.82 
10 9.80 ± 0.32
a 
0.63 ± 0.83 
15 11.29 ± 0.11
b 
0.70 ± 0.45 
3.75 
300 
5 9.33 ± 0.56a 0.64 ± 0.26 
10 10.62 ± 0.12b 0.73 ± 0.46 
15 11.52 ± 0.11b 0.55 ± 0.55 
450 
5 10.89 ± 0.37b 0.22 ± 0.35 
10 11.07 ± 0.86b 0.27 ± 0.24 
15 10.32 ± 0.21b 0.64 ± 0.41 
600 
5 10.25 ± 0.09b 0.34 ± 0.11 
10 10.54 ± 0.15b 0.32 ± 0.45 
15 9.72 ± 0.31b 0.25 ± 0.69 
5.00 
300 
5 9.82 ± 0.07a 0.99 ± 0.15 
10 10.11 ± 0.51b 0.86 ± 0.83 
15 10.43 ± 0.33b 0.89 ± 0.31 
450 
5 10.54 ± 0.61b 1.02 ± 0.74 
10 9.12 ± 0.75b 0.77 ± 0.50 
15 11.04 ± 0.43b 0.67 ± 0.46 
600 
5 11.52 ± 0.45b 0.80 ± 0.42 
10 12.01 ± 0.11b 1.05 ± 0.82 
15 10.01 ± 0.60b 1.28 ± 0.98 
*GT = green tea; VP = vacuum pressure; VT = vacuum time; AT = atmospheric restoration time; MC =
moisture content; a,b,c Means within a column, which are not followed by a common superscript letter, are
significantly different (p<0.05); values are means of replicants.
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5.1.2 Effect of VI on TPC 
TPC was used as the main factor when choosing the optimal VI parameters. As 
shown by Table 5.2, the raw samples contained an initial TPC between 19.59 ± 1.61 and 
65.58 ± 5.33 mg GAE/100 g dry potato. As illustrated by the table, there is a statistical 
difference between the TPC of many of the raw samples. This is expected since, as with 
any other biological material, the initial characteristics of potatoes can vary greatly from 
sample to sample (Furrer et al., 2017; Madiwale et al, 2011).   
Table 5.2. Total phenolic content of the raw, non-impregnated samples used for the 
optimization of vacuum impregnation  
GT Concentration 
[v/v] 
VP 
 [mmHg] 
AT/VT 
 [min] 
TPCi   
[mg GAE/100 g dry potato] 
2.50 
300 
5 19.59 ± 1.61a 
10 24.72 ± 2.58d 
15 22.35 ± 1.56b 
450 
5 22.89 ± 2.23c 
10 22.59 ± 2.11c 
15 49.28 ± 2.33p 
600 
5 20.19 ± 1.78a 
10 19.89 ± 1.65a 
15 21.22 ± 1.78a 
3.75 
300 
5 23.56 ± 1.61c 
10 54.72 ± 3.28q 
15 44.12 ± 3.56n 
450 
5 35.12 ± 2.23m 
10 40.15 ± 4.31l 
15 65.58 ± 5.33r 
600 
5 26.09 ± 2.37e 
10 30.15 ± 2.65g 
15 35.33 ± 3.49k 
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Table 5.2 Continued 
*GT = green tea; VP = vacuum pressure; AT/VT = vacuum/atmospheric time; TPC = total phenolic
content; a,b,c Means within a column, which are not followed by a common superscript letter, are
significantly different (p<0.05); values are means of replications.
Figure 5.1 shows the effect of GT concentration, vacuum pressure, and time on 
the final TPC of the samples. The minimum TPC, 40.90 ± 3.24 mg GAE/100 g dry 
matter, was given by a GT concentration of 2.5%, VP of 300 mmHg, and a VT of 5 
minutes. The maximum TPC, 196.11 ± 3.24 mg GAE/100 g dry matter, was given by a 
GT concentration of 5.0%, VP of 600 mmHg, and VT of 10 minutes. There are some 
behaviors worth noting. Over all, the mean TPC values increased with increasing GT 
concentration or decreasing solution dilution. For many of the samples, TPC also 
increased with increasing VP and VT. However, this was not seen throughout the entire 
study.  Generally, food cells began to collapse after certain vacuum impregnation time 
and pressure limits, depending on the stability of the raw material. Collapsed cells have 
limited space to house external liquids, therefore, change the mass transfer rate during 
vacuum impregnation (Fito et al., 1996; Neri et al., 2016). This could have caused the 
difference in TPC between each trial.  
GT Concentration 
[v/v] 
VP 
 [mmHg] 
AT/VT 
 [min] 
TPCi   
[mg GAE/100 g dry potato] 
5.00 
300 
5 22.91 ± 1.61c 
10 24.12 ± 2.20c 
15 27.01 ± 2.56f 
450 
5 34.62 ± 2.23j 
10 22.78 ± 2.24c 
15 31.22 ± 2.33h 
600 
5 35.87 ± 3.71l 
10 47.89 ± 3.65o 
15 32.99 ± 3.04i 
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Figure 5.1. Total phenolic content of potato slices immersed in 2.5, 3.75, and 5.0% of green tea extract and vacuum 
impregnated using pressures of 300, 450, and 600 mmHg at time of 5,10, and 15 minutes (values are means of replications). 
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To analyze the effectiveness of vacuum impregnation on introducing the green 
tea phenolic compounds, the change in TPC was measured. As mentioned before, this 
change was determined by calculating the difference between the initial TPC, shown in 
Table 5.2, and the final TPC, shown in Fig. 5.1. As illustrated by the Figure 5.2, all 
changes in TPC were positive values, meaning that vacuum impregnation increased the 
amount of antioxidants found the potato slices. The minimum change in TPC, 21.31 ± 
1.63 mg GAE/100 g dry matter, was shown by a GT concentration of 2.5%, VP of 300 
mmHg, and VT of 5 minutes. The maximum ΔTPC, 148.22 ± 11.76 mg GAE/100 g dry 
matter, was given by a GT concentration of 5.0%, VP of 600 mmHg, and VT of 10 
minutes. Similar to the result of the final TPC, the lowest GT concentration, VP, and VT 
gave the lowest ΔTPC, and the highest concentration and VP gave the highest ΔTPC. 
This was expected since increasing the VI solution concentration and vacuum pressure 
normally increases the concentration of antioxidants available for impregnation and ease 
mass diffusion from the solution to the solute (food sample).  
 A green tea concentration of 5.0%, VP of 600 mmHg, and VT of 10 minutes 
fortified the potato samples with the highest number of antioxidants and showed the 
highest positive change in TPC in the whole VI optimization process. Therefore, these 
three optimal parameters were implemented for the rest of the study. 
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Figure 5.2. Total phenolic content added after vacuum impregnation for each GT concentration, vacuum/restoration time, and 
vacuum pressure (values are means of replications).
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5.2. Vacuum Frying Non-Impregnated (NI) Potato Chips 
The antioxidant degradation with temperature and time was modeled for non-
impregnated slices, acting as the control for this study. Before measuring TPC, MC and 
OC were calculated. There are three distinct periods in a typical dehydration curve 
(Garayo, 2001; Garayo and Moreira, 2002). The first period is the warm-up phase where 
heat is absorbed by the wet material from the surround media (oil). The second period is 
the constant rate phase where the water in the product reached its evaporation 
temperature of 100°C causing continuous evaporation at constant pressure and time until 
there is no water left in the surface. In the last period, the falling-rate period, product 
moisture is lost exponentially by diffusion until equilibrium is reached. The moisture 
content of the raw samples before frying ranged from 82.17 ± 0.57 w.b. (4.16 ± 0.18 
d.b.) to 86.14 ± 0.51 w.b (6.22 ± 0.23 d.b.). The moisture content decreased
exponentially with frying time (Figure 5.3). As expected, the rate of MC decrease was 
greater (140°C) for the higher temperature than for a lower temperature (110°C). These 
curves showed a typical dehydration behavior (Gamble et al., 1987; Garayo, 2001; Shyu 
and Hwang, 2001). 
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Figure 5.3. Thermal kinetics of moisture content (d.b.) for non-impregnated potato chips 
fried at 110, 120, and 140°C. 
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The oil absorption curve during vacuum frying also happens in three difference 
phases: absorption during vacuum, absorption during pressurization, and absorption 
during cooling (Garayo and Moreira, 2002). During vacuum, there exponential increase 
in oil absorption aided by the free water available in the food product. As frying time 
continues to increase and the free moisture reaches a critical value, oil absorption 
decreases during pressurization. This is due to the faster diffusion of air into the product 
pores than that of oil. Therefore, most of the oil is absorbed during cooling which is why 
the potato samples are centrifuged before cooling at atmospheric conditions begins.  
For all temperatures, the oil content behaved somewhat logarithmically, as 
demonstrated in Figure 5.4. For all three temperatures, the general pattern consisted of 
an exponential increase to a maximum OC value, then a decrease until an equilibrium 
phase was reached. This behavior illustrates the three typical phases of oil absorption. As 
the temperature increases, the curve increases in amplitude followed by a stability in oil 
absorption where OC (d.b.) values reach a limit. Potato chips fried at 110°C for 140 
seconds reached its maximum OC of 18.22 ± 1.58%. The maximum OC for 120 and 
140°C were 20.33 ± 1.14 d.b.at 100 seconds and 24.95 ± 0.67 d.b. at 140 seconds, 
respectively. As seen by their rate of increase, the oil absorption occurred the fastest for 
potato chips fried at 140°C and occurred the slowest for 110°C. A temperature of 140°C 
also produced potato chips with the highest OC for times between 20 and 180 seconds. 
For 110, 120, and 140°C, the OC stabilized to similar final values of 15.35 ± 0.92, 14.85 
± 0.46, and 13.44 ± 0.12%, respectively, at a time of 720 seconds.  
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Figure 5.4. Oil absorption of non-impregnated potato chips fried at temperatures of 110, 
120, and 140°C for 0 – 720 seconds. 
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Figure 5.5 shows the change in total phenolic content as function of frying time 
and temperature. The raw potato slices contained a TPC ranging from 97.03 ± 4.41 to 
100.58 ± 4.61 mg GAE/100 g dry potato. As seen in the bar graph, initially, the total 
phenolic content decreases with increasing frying time for all temperatures and reached a 
minimum. After the minimum, it behaved somewhat like a sinusoidal wave having many 
decreases and increases in TPC. Therefore, there is no apparent correlation between TPC 
and frying times. The maximum TPC values for 110, 120, and 140°C were 172.20 ± 
9.75 (720 seconds), 146.34 ± 8.62 (720 seconds), and 176.24 ± 5.05 (480 seconds) mg 
GAE/100 g dry potato, respectively.  In average, the mean TPC values were higher for 
the potato chips fried at 140°C and lower for those fried at 110°C. In other words, the 
TPC increased with increasing temperature for most frying times. This unexpected 
behavior could be due to the complexity and non-linear behavior of the matter transfer 
taking place and large difference in initial characteristics between each potato sample as 
regularly seen with any other biological source. Some studies have found that increasing 
temperatures can increase the phenolic content by softening plant cell wall and thus 
increasing their extractability (Nur Arina and Azrina, 2016; Bushra et al., 2008).   
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Figure 5.5. Antioxidant thermal kinetics of non- impregnated potato chips fried at temperatures of 110, 120, and 140°C for 0 – 
720 seconds (values are means of replications).
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5.3. Vacuum Frying Impregnated (VI) Potato Chips 
The effectiveness of vacuum impregnation as a precursor of vacuum frying was 
tested by vacuum impregnating the potato slices with green tea extract. This was carried 
out at optimal VI parameters: GT concentration of 5.0%, VP of 600 mmHg, and VT of 
10 minutes. The solid gain was again measured, illustrated in Table 5.3. There are some 
significant differences (p < 0.05) between some SG value. One reason for this difference 
is the initial porosity usually varies from sample to sample.  However, because all the 
slices were impregnated using the same concentration, pressure, and time, the total data 
has a low range of 3.36% (minimum SG = 9.51 ± 0.41%, maximum SG = 12.87 ± 
0.39%). These values are comparable to the previous SG values gathered from the VI 
optimization section.  
Table 5.3. Solid gain of potato chips vacuum fried at temperatures of 110, 120, and 
140°C.   
Temperature 
[°C] 
110 120 140 
Time [s] 
SG 
[%] 
SG 
[%] 
SG 
[%] 
0 x11.38 ± 0.18e y11.57 ± 0.21j z12.32 ± 0.53b 
20 x11.19 ± 0.22d y11.39 ± 0.29i z12.03 ± 0.29b 
40 y10.75 ± 0.17d x9.51 ± 0.41a z12.27 ± 0.53b 
60 x11.34 ± 0.46e x10.43 ± 0.28c y12.87 ± 0.39c 
80 x10.67 ± 0.50c x10.33 ± 0.13b y12.15 ± 0.33b 
100 x10.92 ± 0.07d y11.34± 0.13h y11.63 ± 0.22b 
120 x11.52 ± 0.44e x10.81 ± 0.50e x11.93 ± 0.43b 
140 y12.60 ± 0.32g x11.18 ± 0.08h y12.72 ± 0.13c 
180 x11.08 ± 0.64d x11.56 ± 0.18j x11.89 ± 0.46b 
240 x9.63 ± 0.21a x10.66 ± 0.27d x12.32 ± 0.55b 
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Table 5.3. Continued 
*SG = solid gain; a,b,c Means within a column, which are not followed by a common superscript letter, are
significantly different (p<0.05); x,y,z Means within a row, which are not followed by a common superscript
letter, are significantly different (p<0.05); all values are means of replications.
5.3.1. Effect of VF on MC 
The moisture content of each sample was measure after frying in oil temperatures 
of 110, 120, and 140°C at frying times that ranged from 0 - 720 seconds. The MC of the 
raw samples ranged from 362.25 ± 26.43 - 390.44 ± 35.16 d.b. (78.37 ± 1.87 – 79.61 ± 
0.14 w.b.). Moisture content of impregnated but non-fried samples (t = 0 sec) ranged 
from 450.11 ± 31.58 - 376.19 ± 31.66 d.b. (81.82 ± 0.61 – 83.36 ± 1.20 w.b.). Similar to 
the behavior of the NI samples vacuum fried, the MC exponentially decreased with 
increasing temperature, as seen in Figure 5.6. The MC of potato samples vacuum fried at 
110°C showed a slower decrease rate than those vacuum-fried at 120 and 140°C. As 
expected, the MC decrease occurred at a higher rate for the samples vacuum-fried at 
140°C. This is due to the general behavior of moisture transfer under increasing 
temperatures. A product’s free water evaporates faster at higher times when it’s fried 
under atmospheric or vacuum conditions (Su et al., 2017).  
Temperature 
[°C] 
110 120 140 
Time [s] 
SG 
[%] 
SG 
[%] 
SG 
[%] 
300 x10.80 ± 0.22d x10.90 ± 0.23f y12.25 ± 0.57b 
360 x11.73 ± 0.18f x11.59 ± 0.17j y12.36 ± 0.33b 
480 x10.96 ± 0.54d x11.24 ± 0.05h x11.70 ± 0.14b 
600 x11.50 ± 0.24e x11.19 ± 0.03h x11.99 ± 0.63b 
720 x10.26 ± 0.28b y11.09 ± 0.14g x11.28 ± 0.55a 
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Figure 5.6. Thermal kinetics of the moisture content (d.b.) of impregnated potato chips 
fried under vacuum in temperatures of 110, 120, and 140°C at time of 0 - 720 seconds. 
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5.3.2. Effect of VF on OC 
Oil content is one of the most studied variables in fried foods due to its positive 
correlation with fat content and thus weight gain among other related health issues. Oil 
absorption is modelled by Figure 5.7. The oil absorption curves for all three 
temperatures follow the expected behavior. Similar to that seen in the non-impregnated 
samples, there is an initial OC exponential increases followed by a decrease and ultimate 
oil absorption limit. This limit shows that the net amount of OC (internal and surface) 
stabilizes after a specific frying temperature. For a temperature of 110°C, the OC 
increases from 7.67 ± 0.16 d.b. to an initial peak value of 12.24 ± 0.21% d.b. at a time of 
100 seconds. The increase in oil absorption for this temperature simulates a logarithmic 
behavior that doesn’t reach a plateau for the times fried (maximum of 12.94 ± 0.07% 
d.b. at 480 sec). For a temperature of 120°C, the OC increases from 19.35 ± 0.15% d.b.
to a maximum of 22.86 ± 1.00% d.b. at a time of 100 seconds. Unlike 110°C, the oil 
absorption curve has a major increased and subsequent decrease in OC followed by a 
relatively constant oil absorption phase. At 720 seconds, the OC has stabilized to 19.64 ± 
1.17% d.b. Lastly, for a temperature of 140°C, the OC increases from 15.31 ± 0.38% 
d.b. to a maximum of 21.49 ± 0.85% d.b. at a time of 100 seconds. The oil absorption
curve is more closely comparable to that of 120°C. The first maximum OC values for all 
temperatures were achieved at 100 seconds. Additionally, there is not a large range 
between the OC values of 120 and 140°C like the one seen between 110°C and the other 
two temperatures.  
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It can be concluded by the results that a higher overall oil absorption was 
measured from the samples fried at 120°C and 140°C. It was expected that the higher 
temperatures will induce higher oil uptake even when using vacuum frying.  
When comparing to the oil absorption curve between NI and VI samples, for 
110°C, the NI samples absorbed a net mean of 3.66% more oil throughout the entire 
process than the impregnated samples (maximum OC decrease of 33.65% at 120 seconds 
due to vacuum impregnation). For 120°C, the VI samples absorbed a net mean of 3.83% 
more oil than the NI samples (maximum OC increase of 48.67% at 20 seconds due to 
vacuum impregnation). For 140°C, the impregnated samples experience a lower oil 
absorption before a time of 180 seconds compared to the non-impregnated samples. The 
absorption amount changed behavior after 180 seconds. Overall, VI samples fried at 
140°C showed a net mean OC of 1.24% greater than NI samples. Even though the range 
of the OC is similar between the VI and NI potato samples, the NI potato samples 
reached higher maximum OC values than the impregnated samples. In other words, 
vacuum impregnation decreased the final oil absorption and thus a large portion of the 
sample’s final fat source.  
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Figure 5.7. Oil absorption of impregnated potato chips fried under vacuum in 
temperatures of 110, 120, and 140°C at time of 0 - 720 seconds.
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5.3.3. Effect of VF on TPC 
As mentioned before, antioxidants are correlated with several health benefits. 
Therefore, they are widely studied as fortifying compounds. Antioxidants such as 
catechins are thermally unstable at high temperatures normally used in atmospheric 
frying. Therefore, the effect of lower required vacuum frying temperatures and time on 
the TPC was observed for vacuum impregnated samples. The raw potato samples 
contained a TPC between 60.07 ± 2.95 and 90.55 ± 5.18. This is a significantly greater 
range than the potato samples used for the VI optimization. This is due to the fact that 
different potatoes were used for VI optimization (Frito Lay), and those potatoes had a 
lower natural TPC content due to several factors such as nutrient content of soil, 
harvesting practices, and storing. The effect of frying time and temperature on the TPC 
of these potatoes are shown in Figure 5.8. 
The TPC of the impregnated potato samples before any vacuum frying were 
220.39 ± 4.64 mg GAE/100 g dry weight for 110°C, 237.38 ± 19.09 mg GAE/100 g d.m. 
for 120°C, and 257.16 ± 3.50 mg GAE/100 g dry weight for 140°C. In other words, 2-3 
times more polyphenols of the original content were impregnated into the potato slices. 
The maximum TPC values for 110, 120, and 140°C were 177.92 ± 5.43 (360 seconds), 
233.86 ± 11.09 (600 seconds), and 441.53 ± 5.67 mg GAE/100 g d.m. (360 seconds), 
respectively. When comparing TPC at the highest frying time of 720 seconds with TPC 
at 0 seconds, there is a reduction in TPC of 36.39, 14.81, and 7.95% for 110, 120, and 
140°C, respectively. Reduction in total TPC is typical due to the disruption of the 
intercellular separation of phenolic acids and oxidative enzymes caused by heating 
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(Padda and Picha, 2008; DeWanto et al., 2002). It is important to note that the maximum 
TPC seen in chips fried at 140°C exceeds the TPC after impregnation without any frying 
(t = 0 sec). The phenomena could be due the factors such as a difference in 
microstructure between the non-fried and fried samples affecting the solid gain and thus 
resulting TPC, introduction of other phenols from the absorbed oil, difference in the 
number of antioxidants escaping in the evaporated moisture, and accumulation and 
increase of another phenolic compound with increasing frying time also measured by the 
Folin-Ciocalteu (FC) test.  The molybdotrungstate reagent used in the FC test has been 
found to react with several other compounds such as certain proteins and carbohydrates, 
amino acids, nucleotides, thiols, unsaturated FA, vitamins (ascorbic acid, folic acid, 
folinic acid), amines, aldehydes, and ketones (Everette, 2010; Prior et al., 2005).  
Excluding a time of 240 seconds, the TPC increased with increasing frying 
temperature for all trials. Even though phenolic degradation with increasing frying times 
is typical, there are instances where heating processes have liberated the internal 
phenolic compounds in biological materials. This is done by the cleaving of the 
esterified and glycosylated link or by the activation of Maillard reactions (Maillard et al., 
1996). This in turn can explain why the TPC increased with increasing temperature. 
High temperatures also weaken or rupture the cell walls easing extractability of its 
phenolic compounds (Nur Arina and Azrina, 2016). Additionally, complex phenolic 
compounds can breakdown into simple compounds during frying which can increase 
their availability and reactivity to the FC reagent (Bushra et al., 2008).  
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The effect of frying temperature and time are shown to illustrate the irregular 
behavior both these variables have on the total phenolic compounds found in each 
sample. However, to measure the effectiveness of using vacuum impregnation to 
preserve the phenolic content of the final product, the difference in TPC content between 
the control (non-impregnated) and impregnated samples was also measured.  
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Figure 5.8. Effect of frying time (0 -720 seconds) and temperature (110 - 140°C) on TPC of vacuum impregnated potato chips 
(values are means of replications).
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The effect of vacuum impregnation as a precursor for vacuum frying for 
enriching potato chips with phenolic compounds was evaluated by the difference in TPC 
between the NI and VI samples after vacuum frying. The change in phenolic content is 
shown in Table 5.4. When comparing the TPC of NI and VI samples at t = 0 seconds, 
vacuum impregnation introduced about 1.5 more antioxidants into each sample. 
Excluding a frying time of 720 second and temperature of 110°C, there was a great 
increase in phenolic content due to impregnation for all other times and temperatures. 
Temperature of 110°C at 720 seconds was the only trial to show a decrease of 32.01 ± 
6.58 mg GAE/100g dry matter after vacuum impregnation. Highest increase in TPC were 
128.36 ± 5.15 (180 sec), 180.33 ± 4.19 (80 sec), and 302.81 ± 7.79 mg GAE/100 g dry 
matter for temperature of 110, 120, and 140°C, respectively. Those are increases of 
549.74, 580.04, and 218.30% in TPC due to vacuum impregnation. Highest increase in 
TPC, as percentage of the NI sample TPC, occurred at 180 second for 110°C (549.74% 
increase in TPC), 80 seconds for 120°C (580.04%), and 100 seconds for 140°C 
(321.48%). In other words, at those frying times, TPC of impregnated samples was 3 – 5 
times greater than the non-impregnated sample TPC.  
In average, the samples fried at 120°C showed the net highest percentage 
increase in TPC followed by 110°C and 140°C, respectively. However, at frying times 
giving products with MC < 2%, potato chips fried at 140°C gave the highest TPC 
increase percentage of 237.48%. Potato chips fried at 120°C followed with a TPC 
increase of 63.55% (180 sec). Lastly, 110°C gave an increase of 15.23% (300 sec). 
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Overall, it can be concluded that using VI as a precursor to VF does effectively increase 
the TPC in the potato chips. 
Table 5.4 Change in total phenolic content due to the vacuum impregnation of potato 
chips before vacuum frying. 
*TPC = total phenolic content; a,b,c Means within a column, which are not followed by a common
superscript letter, are significantly different (p<0.05); x,y,z Means within a row, which are not followed by a
common superscript letter, are significantly different (p<0.05).
Temperature 
[°C] 
110 120 140 
Time [s] 
ΔTPC 
[mg GAE/100 g dry 
matter] 
ΔTPC 
[mg GAE/100 g dry 
matter] 
ΔTPC 
[mg GAE/100 g dry 
matter] 
0 x123.36 ± 0.23
i
y139.68 ± 16.71
e
z156.58 ± 1.11
e
20 x42.97 ± 0.01
c
y110.79 ± 8.26
d
y110.83 ± 1.62
c
40 x55.33 ± 2.45
c
y81.11 ± 1.15
c
z147.23 ± 0.19
e
60 x47.23 ± 3.78
c
y145.33 ± 1.73
e
z199.04 ± 1.57
g
80 x85.38 ± 4.79
f 
z180.33 ± 4.19
h
y157.40 ± 1.38
e
100 x92.34 ± 3.56
g
y150.03 ± 4.68
e
z215.01 ± 5.23
h
120 x95.75 ± 2.05
g
z173.48 ± 7.73
g
y114.58 ± 5.29
c
140 x99.74 ± 1.19
h
z156.32 ± 5.05
f
y148.60 ± 2.66
e
180 y128.36 ± 5.15
i
x70.49 ± 6.40
b
y129.29 ± 4.15
d
240 y76.15 ± 5.83
e
z144.31 ± 0.41
e
x53.38 ± 4.95
a
300 x21.27 ± 8.86
b
y144.03 ± 12.69
e
z179.23 ± 2.02
f
360 x73.54 ± 0.87
e
y154.42 ± 5.10
f
z302.81 ± 7.79
i
480 x68.27 ± 0.15
d
y88.32 ± 2.45
c
z150.91 ± 4.23
e
600 x102.98 ± 5.58
h
z147.04 ± 6.16
e
y131.13 ± 1.50
d
720 x(-) 32.01 ± 6.58
a
y55.88 ± 4.74
a
z72.34 ± 0.00
b
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5.3.4. Effect of VF on Color 
Color was used as one of the qualitative parameters in this study. Humans are 
visual creatures, therefore, one of the first product attributes they notice is its color. If 
the color is unfavorable, they may not buy the product at first glance. Therefore, it was 
important to quantify the effect of both the vacuum frying temperature and time on three 
color parameters: L* (lightness), C* (chroma), and H (hue). Hue is used to distinguish 
the type of color (i.e. blue, red, purple, etc) and is represented as an angle in units of 
degree (h°).  Chroma is the intensity or saturation of the given hue or color. Chroma and 
hue were calculated from both the a*(green-red spectrum) and b* (blue yellow 
spectrum) values using equations 7 – 8 (McLellan et al., 1995). 
Table 5.5 – 5.7 contain the colorimetry results for L*, C*, and h°. As seen from 
Table 5.5, the lightness of the potatoes for all temperatures has a non-linear correlation 
with time. Impregnating the samples does decrease the lightness of the potato chips as 
shown by the higher L* values for R (raw samples) and lower L* values for 0 seconds 
(impregnated but not fried samples). The decrease was 17.18, 17.11, and 14.97% for 
110, 120, and 140°C, respectively. When comparing the effect of temperature, potato 
chips fried at a higher temperature (140°C) were lighter than potatoes fried at lower 
temperatures (110- 120°C) for time values of 100 seconds and greater. In other words, 
the lightness of the potato chips increased with temperature after 100 seconds of frying. 
From 0 – 80 seconds, potato chips fried at 120°C had equal or higher lightness values 
than those fried at 140°C. Potato chips fried at 110°C constantly had the lowest lightness 
values. 
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Table 5.5. Effect of frying times and temperature on potato chip lightness, L. 
*R = raw samples; a,b,c Means within a column, which are not followed by a common superscript letter, are
significantly different (p<0.05); x,y,z Means within a row, which are not followed by a common superscript
letter, are significantly different (p<0.05); values are means of replications.
Hue is the angle between the a and b quadrants in a color coordinate plane where 
(+) a-values represent the red hue, (-) a-values represent the green hue, (+) b-values 
represent the yellow hue, and (-) b-values represent the blue hue. Hue is serves as the 
distinction between colors. As seen in Table 5.6, vacuum impregnating the samples 
Temperature 
[°C] 
110 120 140 
Frying Time [s] L* L* L* 
R x51.86 ± 2.59
h y56.86 ± 0.34
g y55.18 ± 0.77
d 
0 x42.95 ± 0.97
d y47.13 ± 0.32
a y46.92 ± 3.33
a 
20 x46.54 ± 1.07
e
y51.27 ± 0.22
e
y50.80 ± 0.07
d
40 x43.81 ± 3.87
d
z50.12 ± 1.03
d
y48.86 ± 1.38
c
60 x41.36 ± 3.59
b
y48.45 ± 1.58
b
y47.34 ± 3.55
a
80 x39.52 ± 1.85
a
y47.64 ± 1.59
a
y47.58 ± 6.87
b
100 x40.69 ± 1.58
b
y49.05 ± 1.43
c
z56.52 ± 1.10
f
120 x42.32 ± 2.70
c
y52.21 ± 1.44
f
z56.41 ± 0.76
f
140 x42.36 ± 2.07
c
y52.18 ± 0.37
f
z54.04 ± 1.64
d
180 x45.31 ± 1.43
d
y54.86 ± 1.52
i
z57.02 ± 0.91
f
240 x46.33 ± 1.14
e
y54.29 ± 1.24
h
z55.92 ± 3.17
e
300 x48.35 ± 1.35
f 
y53.74 ± 0.25
h
z58.26 ± 0.66
g
360 x46.91 ± 1.17
e
y52.65 ± 1.80
g
y53.87 ± 0.84
d
480 x48.95 ± 1.55
g
y54.04 ± 0.77
h
z56.36 ± 1.10
f
600 x46.31 ± 1.33
e
y52.84 ± 0.86
g
y53.85 ± 5.67
d
720 x46.08 ± 2.21
e
y52.86 ± 1.04
g
y53.61 ± 0.06
d
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decreased the sample’s hue angle illustrating that the impregnated samples had a slight 
larger “redness” in their color than the non-impregnated samples. However, both types 
of samples were found in the first quadrant (red-yellow) with a much higher yellow tone 
than red tone meaning that they were all a golden color, not yet orange (45° angle in the 
first quadrant). Increasing frying times decreased the hue angle when comparing to the 
non-fried impregnated sample (0 sec frying time). This was expected since frying potato 
chips usually causes darkening and browning due to Maillard reactions and other 
thermodynamic processes. However, this decrease in hue angle was not uniform 
throughout the whole process as temperature times were increased. Increasing frying 
temperatures from 110°C to 120 and 140°C slightly increased the hue angle by no more 
than 6° for the whole process meaning that increasing the temperature didn’t have an 
overwhelming effect on the redness or yellowness of the potato chips. All fried potato 
chip samples had a color hue that rested in the upper section (< 45°) of the first 
quadrant. This was expected since all samples had a golden color that differed in 
lightness and/or saturation.  
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Table 5.6. Effect of frying times and temperature on the hue angle, h°. 
Temperature 
[°C] 
110 120 140 
Frying Time 
[s] 
h° h° h° 
R x87.79 ± 0.05
l
y89.97 ± 0.00
j
x86.77 ± 0.10
l
0 x84.67 ± 0.12
k
x85.56 ± 0.00
h
x85.65 ± 0.26
k
20 x82.87 ± 0.20
j
y87.34 ± 0.03
i
x83.27 ± 0.03
g
40 x80.72 ± 0.47
i
y85.28 ± 0.12
g
x81.84 ± 0.21
b
60 x78.22 ± 0.18
d
z84.09 ± 0.18
e
y80.86 ± 0.05
a
80 x74.38 ± 0.45
a
y82.71 ± 0.14
c
y82.31 ± 0.09
d
100 x74.33 ± 0.11
a
y82.61 ± 0.31
c
y82.78 ± 0.07
e
120 x75.67 ± 0.51
c
y82.64 ± 0.20
c
y82.13 ± 0.24
c
140 x75.11 ± 0.55
b
y82.15 ± 0.11
b
y81.76 ± 0.11
b
180 x79.07 ± 0.35
f 
y84.60 ± 0.35
f
y84.27 ± 0.01
i
240 x78.60 ± 0.23
e
y83.38 ± 0.30
d
y84.49 ± 0.04
j
300 x80.06 ± 0.49
h
y83.41 ± 0.23
d
y84.23 ± 0.24
i
360 x78.97 ± 0.14
f 
y82.24 ± 0.52
b
y82.95 ± 0.24
f
480 x80.17 ± 0.17
h
x81.65 ± 0.09
a
y83.23 ± 0.10
g
600 x80.51 ± 0.04
i
xy82.15 ± 0.05
b
y83.77 ± 0.12
h
720 x79.37 ± 0.72
g
y83.44 ± 0.23
d
y84.43 ± 0.29
j
*R = raw samples; a,b,c Means within a column, which are not followed by a common superscript letter, are
significantly different (p<0.05); x,y,z Means within a row, which are not followed by a common superscript
letter, are significantly different (p<0.05); values are means of replications.
As mentioned before, chroma is the color/hue intensity or saturation. In 
mathematical terms, it is the length of a vector in the a and b coordinate plane—a longer 
vector indicates a higher saturation (McLellan et al., 1995). As seen in Table 5.7, 
vacuum impregnating the samples increased the chroma or color saturation by 36.78, 
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27.41, 40.81% for 110, 120, and 140°C, respectively. In other words, the green tea 
solution increased the amount of both the yellow and red tones in the over sample color 
given them a more intense golden color. As expected, increasing frying times and 
temperatures significantly increased the sample’s saturation (p < 0.05).  
Table 5.7. Effect of frying times and temperature on chroma, C*. 
Temperature 
[°C] 
110 120 140 
Frying Time [s] C* C* C* 
R x6.55 ± 0.42
a
y8.50 ± 0.55
a
xy7.60 ± 0.30
a
0 x10.36 ± 0.41
d
xy11.71 ± 0.49
c
y12.84 ± 0.95
d
20 x9.08 ± 0.47
b
y11.39 ± 0.12
b
y11.32 ± 0.38
b
40 x8.96 ± 0.66
b
y11.87 ± 0.55
d
y12.33 ± 0.59
c
60 x9.97 ± 0.57
c
y11.81 ± 0.07
d
z14.94 ± 0.55
f
80 x10.10 ± 0.69
c
y14.38 ± 0.32
e
y14.68 ± 0.58
e
100 x11.02 ± 0.54
e
y16.01 ± 0.08
f
y17.59 ± 0.18
g
120 x13.13 ± 0.58
h
y17.81 ± 0.46
g
y18.99 ± 0.31
h
140 x12.45 ± 0.65
f 
y18.45 ± 0.40
h
y19.17 ± 0.49
i
180 x12.75 ± 0.28
g
y19.22 ± 0.42
i
y20.60 ± 0.96
l
240 x13.52 ± 0.38
i
y19.48 ± 0.07
j
y19.66 ± 0.20
j
300 x14.10 ± 0.52
k
y19.85 ± 0.74
l
y20.69 ± 0.71
l
360 x13.94 ± 0.32
j
y19.75 ± 0.10
k
y20.77 ± 0.75
m
480 x14.49 ± 0.25
l
y20.65 ± 0.34
m
y21.61 ± 0.37
o
600 x13.89 ± 0.25
j
y19.89 ± 0.10
l
z21.42 ± 0.48
n
720 x14.74 ± 0.28
m 
y19.91 ± 0.57
l
y20.58 ± 0.33
k
*R = raw samples; a,b,c Means within a column, which are not followed by a common superscript letter, are
significantly different (p<0.05); x,y,z Means within a row, which are not followed by a common superscript
letter, are significantly different (p<0.05).
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5.4. Frying Method Effect on Potato Chip TPC and Qualitative Values   
Three different frying systems were compared: vacuum frying (VF), dual-step 
frying (DS), and atmospheric frying (AF). From the TPC thermal kinetics data, it was 
concluded that a temperature of 140°C was going to be used for VF and DS since it gave 
the greatest TPC and highest TPC percentage increase compared to the other two 
temperatures. A MC of less than 2% is considered the standard for frying potato chips 
(Pedreschi et al., 2008). The final moisture content must remain at this low value not 
only to produce favorable product qualities such as crispiness but also to decrease the 
water activity. Products with low water activity can be stored for a longer amount of 
time without the loss of physical and mechanical attributes (Bronlund et al., 2008). Low 
moisture and low water activity content also prevents the growth of harmful 
microorganism such as yeast, mold, and bacteria (Syamaladevi et al., 2016).  To abide to 
this 2% MC limit, frying times of 100 seconds, 60 VAC + 80 ATM seconds, and 4 
minutes were used for VF, DS, and AF, respectively. 
5.4.1. Effect of Frying Methods on MC and OC 
All mean moisture contents were kept below 2.0% d.b. (Table 5.8). Each system 
gave a statistically different final MC. As expected, the moisture content values were 
higher for non-impregnated samples than the impregnated samples. Impregnated 
samples generally had a higher MC than non-impregnated samples before frying, 
therefore, they are expected to have a higher MC after frying. The DS system uniquely 
gave moisture contents for both NI and VI samples that were not statistically different (p 
> 0.05).
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For the non-impregnated samples (NI), those vacuum-fried contained the lowest 
OC (d.b.) of 17.26 ± 0.4% and those fried at atmospheric conditions contained the 
highest of 33.98 ± 0.46%. For impregnated samples (VI), those fried using the dual step 
system contained the lowest OC of 18.10 ± 1.66%. while those fried at atmospheric 
conditions contained the highest OC of 35.45 ± 0.17%. There was not a statistical 
difference in OC purely due to impregnation (p > 0.05). However, atmospherically fried 
potato chips showed a OC increase of double the amount of both the VF and DS 
systems. It has been observed that products that are vacuum fried generally contain a 
lower OC than those fried using atmospheric conditions (Garayo and Moreira, 2002). 
One of the major causes of this is the higher frying time and oil temperature required to 
process potato chips when using atmospheric conditions. As mentioned previously, oil 
absorption increases with increasing frying times.  
Table 5.8. Effect of different frying systems on the moisture content, oil content, and 
total phenolic content of impregnated potato chips.  
Frying System 
MC 
[d.b.] 
OC 
[d.b.] 
TPC  
[mg GAE/ 100 g potato] 
VF NI 1.66 ± 0.10c 17.26 ± 0.40a 74.13 ± 3.23b 
VF VI 1.97 ± 0.02d 20.38 ± 1.17a 228.98 ± 7.56e
DS NI 1.83 ± 0.13d 23.21 ± 0.85a 64.81 ± 2.94a
DS VI 1.83 ± 0.11d 18.10 ± 1.66a 196.37 ± 9.99d 
AF NI 1.28 ± 0.06b 33.98 ± 0.46b 91.50 ± 6.80c
AF VI 1.11 ± 0.02a 35.45 ± 0.17b 240.84 ± 3.15e
*MC = moisture content; OC = oil content; TPC = total phenolic content; NI = non-impregnated samples;
VI = impregnated samples; VF = vacuum frying at 140°C for 100 seconds; DS = dual step system at
140°C for 60 + 80 seconds; AF = atmospheric frying at 165°C for 4 minutes. a,b,c Means within a column,
which are not followed by a common superscript letter, are significantly different (p<0.05); values are
means of replications.
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5.4.2. Effect of Frying Methods on TPC 
As expected, the TPC of the non-impregnated samples were much lower than 
those impregnated. The TPC for NI sample ranged from 64.81 ± 2.94 - 91.50 ± 6.80 mg 
GAE/ 100 g potato. The TPC for NI samples was greatest for AF and lowest for DS. The 
TPC for VI samples ranged from 196.37 ± 9.99 - 240.84 ± 3.15 mg GAE/ 100 g dry 
matter. The resulting TPC of these samples showed highest for AF and lowest for DS. 
There was a significant difference between the TPC of the NI and VI samples as well 
between each frying system excluding VF VI and AF VI. The TPC of the NI samples 
were used as a baseline or control to calculate the percentage increase of TPC for each 
system. The percent increase of TPC due vacuum impregnation for each system is 
208.88% for VF, 202.98% for DS, and 163.21% for AF. There were differences in TPC 
between NI and VI samples of 154.85 mg GAE/g for VF, 131.55 mg GAE/g of dry 
matter for DS, and 149.34 mg GAE/g of dry matter for AF. Therefore, when accounting 
for the control TPC, VF retained more phenolic compounds than DS and AF. 
Atmospheric frying showed the lowest phenolic increase. This is what was expected 
since a higher frying time and oil temperature was used for the AF system.  
5.4.3. Physical Representation of Different Frying System Products  
Figure 5.9 shows the visual differences between impregnated and non-
impregnated potato chips that were fried using the three frying systems. The most 
noticeable difference from NI and VI samples is the change in color. The GT extract 
solution had a darker, golden-yellow color which decreased the lightness of the potato 
slices and gave them a higher golden tone. As mentioned in the methods sections, potato 
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slices rested in the VI solution for an additional 2 hours after VI. This process caused a 
minor bending in the potato slices.  
There are major structural changes caused by the mode of frying. As seen by the 
image, vacuum fried potato chips did not have any noticeable large surface bubbles. The 
samples were comprised of very small, uniform bubbles that covered most of the 
surface. Potato chips that were fried using the DS system contained several medium-
sized bubbles throughout the whole surface which made it difficult to measure thickness 
expansion. In the other hand, potato chips fried using the AF system contained a lesser 
amount of medium to large-size bubbles that were randomly spread to less than 50% of 
the surface area. Samples with medium to large size bubbles increased the difficulty in 
measuring bulk density due to the bubble’s fragility. 
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Figure 5.9. Photographic images of the impregnated (VI) and non-impregnated (NI) potato chip samples fried using vacuum 
frying (VF), dual-step frying (DS), and atmospheric frying (AF). 
(a) 
(d) 
(c) (b) 
(f) (e) 
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5.4.4. Effect of Frying Methods on Bulk Density, True Density, and Porosity 
 Both bulk density and true density were measured to calculate porosity. Porosity is 
one of the main factors that can affect the mass transfer during both vacuum 
impregnation and frying. Potato pore size, geometry, and mass all affect mass transfer. 
Bulk density was lowest for DS VI and highest for VF NI (Table 5.9). Vacuum frying 
was the only system to yield similar bulk density between the VI and NI samples (p < 
0.05). For both the DS and AF systems, the NI samples had a higher bulk density. True 
density was measured to be lowest for the VF NI samples and highest for the DS VI 
samples. Impregnation did not significantly affect the porosity of the vacuum fried 
samples as seen by the similar porosity values of NI and VI samples. For both DS and 
AF system, the VI samples showed a porosity 4% higher than the NI samples. Increase 
in porosity could be the result of overly saturated pores being dehydrated and emptied at 
high rates during DS and atmospheric frying, compared to vacuum frying. Overall, the 
DS system produced potato chips with a higher porosity than both the other systems. The 
VF system samples had the lowest porosity values. This could be a result of the ability of 
structure preservation when frying under vacuum conditions. However, similarly to true 
density, there was no significant difference in sample porosity between the DS and AF 
systems (p > 0.05). Thus, it can be concluded that porosity had a greater effect on the 
mass transfer for the DS and AF system than for the VF system. 
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Table 5.9. Effect of different frying systems on the bulk density, true density, and 
porosity of impregnated potato chips.  
Frying System Bulk Density 
[kg/m3] 
True Density 
[kg/m3] 
Porosity, ɸ 
VF NI 446.70 ± 9.54c 1405.95 ± 3.23a 0.68 ± 0.01a
VF VI 456.75 ± 13.95c 1411.45 ± 6.32a 0.68 ± 0.02a
DS NI 348.18 ± 6.89b 1409.81 ± 8.33a 0.75 ± 0.01b 
DS VI 318.36 ± 9.86a 1422.25 ± 13.49a 0.78 ± 0.01c
AF NI 372.34 ± 3.20b 1410.84 ± 11.41a 0.74 ± 0.00b 
AF VI 328.94 ± 7.38a 1417.62 ± 7.09b 0.77 ± 0.01c
* NI = non-impregnated samples; VI = impregnated samples; VF = vacuum frying at 140°C for 100
seconds; DS = dual step system at 140°C for 60 + 80 seconds; AF = atmospheric frying at 165°C for 4
minutes.
a,b,c Means within a column, which are not followed by a common superscript letter, are significantly
different (p<0.05); values are means of replications.
5.4.5. Effect of Frying Methods on Diameter Shrinkage and Thickness Expansion 
Both diameter shrinkage, D, and thickness expansion, L, were measured for each 
sample fried at each system. Both physical properties are used as a measure of sensory 
and as a measure of structure preservation. The higher both values are, the greater the 
deformation caused by both processing systems (vacuum impregnation and frying) from 
the original material. Additionally, a higher diameter shrinkage can cause the consumer 
to see the final product as less in portion and a higher thickness expansion, when caused 
by erratic surface bubbles, can induce a negative visual presentation. 
As seen from Table 5.9, dimeter shrinkage occurred lowest in NI potato chips 
fried at atmospheric conditions and highest in VI potato chips fried using the dual step 
system. There was no significant difference found in diameter shrinkage due to vacuum 
impregnation.  The DS system produced samples with the highest diameter shrinkage 
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which was also significantly different from the other two systems. The VF VI samples 
showed the lowest (p < 0.05) thickness expansion and the highest by the DS NI samples. 
In general, NI samples showed a higher thickness expansion than VI samples for all 
three systems, but the difference was not significant (p > 0.05). The VF system samples 
had the lowest thickness expansion values while the DS system samples had the highest. 
This is typical behavior since, usually, there is less thickness expansion in vacuum fried 
samples than atmospherically fried samples (Garayo and Moreira, 2002). Thickness 
expansion was not significantly different between the VF and AF systems. Both systems 
caused the least deformation meaning that they were the most effective at preserving the 
slice’s structure.  
Table 5.10. Effect of different frying systems on the diameter shrinkage and thickness 
expansion of impregnated potato chips.  
Frying System Diameter Shrinkage, D 
[%] 
Thickness Expansion, L 
[%] 
VF NI 12.71 ± 0.72a 5.11 ± 0.45a
VF VI 12.46 ± 0.77a 4.01 ± 0.33a
DS NI 17.98 ± 0.25b 9.15 ± 0.59b 
DS VI 18.57 ± 1.61b 8.29 ± 0.35b 
AF NI 8.28 ± 0.78a 6.44 ± 0.45a
AF VI 10.66 ± 0.92a 6.05 ± 0.57a
* NI = non-impregnated samples; VI = impregnated samples; VF = vacuum frying at 140°C for 100
seconds; DS = dual step system at 140°C for 60 + 80 seconds; AF = atmospheric frying at 165°C for 4
minutes.
a,b,c Means within a column, which are not followed by a common superscript letter, are significantly
different (p<0.05); values are means of replications.
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5.4.6. Effect of Frying Methods on Color 
The effect of the three frying systems on the color parameters was also analyzed 
(Table 5.11). The NI samples that were fried using the dual step system had the highest 
L* values while vacuum-fried VI samples had the lowest (p < 0.05). All systems showed 
a significant decrease in lightness due to vacuum impregnation. This decrease in 
lightness was expected since the dark impregnated GT extract caused the slices to have a 
darker, somewhat redder color. A 16.32% reduction in lightness occurred for the VF 
system, a 14.80% for the DS system, and a 9.00% for the AF system. As seen by the 
table, the lightness values were not significantly different from system to system. In 
other words, there was not a significant difference between the lightness value of the NI 
samples fried using VF, DS, and AF. This was also true for the VI samples. 
Vacuum impregnated sample color laid in the upper right section of the second 
quadrant (green-yellow) for all systems while the non-impregnated samples colors all 
rested in the upper left section of the first quadrant (red-yellow). In other words, the non-
impregnated samples had a color that was mainly yellow with a hint of green while the 
impregnated samples contained a color that was mainly yellow with a hint of red. 
Similar to what was seen in the vacuum frying optimization section, vacuum 
impregnation increased the red tones of the potato slices giving the samples a lower hue 
angle. Percentage decrease in hue angle were 18.99, 17.80, and 10.85% for VF, DS, and 
AF, respectively. There was a statistical difference in hue (p < 0.05) between the 
samples treated with different frying systems, excluding VF VI and DS VI samples. The 
VF NI samples had the lowest red tone while DS VI samples had the highest red tone.  
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Contrary to hue, vacuum impregnation increased the sample’s chroma values for 
all systems. Chroma increased by 33.39, 24.11, and 8.41% for the samples fried using 
the VF, DS, and AF systems, respectively.  This was expected since the green tea 
solution saturated the treated samples with a more intense golden color. Samples fried 
using the AF system showed the highest saturation value. However, samples fried using 
the VF system showed the highest change in saturation due to vacuum impregnation. 
Overall, when accounting for all color parameters, vacuum impregnation showed the 
highest effect in color for the samples treated using the VF system and least effect for 
those treated using the AF system.  
Table 5.11. Effect of different frying systems on the color parameters of impregnated 
potato chips.  
Frying System L* h° C* 
VF NI 63.46 ± 1.41b 102.30 ± 1.21e 12.39 ± 0.91a 
VF VI 53.10 ± 2.40a 82.87 ± 0.40a 18.60 ± 1.30c 
DS NI 63.49 ± 0.66b 98.54 ± 0.40d 15.96 ± 0.37b 
DS VI 54.09 ± 0.91a 81.00 ± 0.67a 21.03 ± 1.30d 
AF NI 61.20 ± 1.40b 94.91 ± 0.33c 23.53 ± 0.81d 
AF VI 55.69 ± 0.44a 84.61 ± 0.50b 25.69 ± 0.37e 
* NI = non-impregnated samples; VI = impregnated samples; VF = vacuum frying at 140°C for 100
seconds; DS = dual step system at 140°C for 60 + 80 seconds; AF = atmospheric frying at 165°C for 4
minutes.
a,b,c Means within a column, which are not followed by a common superscript letter, are significantly
different (p<0.05); values are means of replicants.
5.4.7.  Effect of Frying Methods on Hardness 
The hardness of each potato chip was used as a measure of texture for each 
system (Table 5.12). Hardness is the force, in Newtons, necessary to rapture the potato 
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chip during a compression test. A typical potato chip has a hardness of 2.7N (Salvador et 
al., 2009). However, hardness values can rage vastly on type of measuring method, type 
of raw material, and type of processing procedures. Vacuum fried samples had the 
lowest hardness values while those atmospherically-fried had the highest hardness 
values (p < 0.05). Vacuum impregnation positively affected the hardness of the resulting 
potato chips when the AF system was used shown by the higher mean hardness value of 
the VI samples (2.62 ± 0.12 N) compared to that of the NI samples (1.82 ± 0.07 N). This 
is an increase in hardness of 43.96%. Since hardness of a potato chip is correlated with 
its crispiness, VI ultimately increased the crispiness of the resulting product. However, it 
did not have a significant effect on the hardness of the samples fried using both the VF 
and DS systems.  
Table 5.12. Effect of different frying systems on the texture (hardness) of impregnated 
potato chips.  
Frying System 
Time 
[s] 
Distance 
[mm] 
H 
[N] 
VF NI 2.76 ± 0.17c 1.11 ± 0.10c 1.16 ± 0.04a
VF VI 2.20 ± 0.21c 1.09 ± 0.10c 1.26 ± 0.04a
DS NI 1.77 ± 0.10b 2.02 ± 0.08d 2.01 ± 0.08b 
DS VI 1.42 ± 0.16a 0.70 ± 0.08a 1.86 ± 0.07b 
AF NI 1.79 ± 0.11b 0.86 ± 0.07b 1.82 ± 0.07b 
AF VI 1.80 ± 0.19b 0.89 ± 0.09b 2.62 ± 0.12d 
* NI = non-impregnated samples; VI = impregnated samples; VF = vacuum frying at 140°C for 100
seconds; DS = dual step system at 140°C for 60 + 80 seconds; AF = atmospheric frying at 165°C for 4
minutes; H = hardness.
a,b,c Means within a column, which are not followed by a common superscript letter, are significantly
different (p<0.05); values are means of replications.
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5.4.8. Sensory Analysis of Frying Method Products  
The final comparison between the three frying systems was done by the sensory 
analysis of the final potato chip products. The panelists were each given 6 potato chip 
samples to qualify. Three of the samples were vacuum impregnated and three were not 
(control). The resulting scores for each qualitative parameter can be seen in Fig. 5.10. 
The NI samples fried at atmospheric conditions (AF) had the maximum score for all 
categories (Figure 5.10). Excluding texture, the vacuum impregnated samples fried using 
the DS system received the lowest mean scores for all other qualities. These samples 
also received an “unacceptable” (below 5) average score of 4.40 ± 1.73 for color.  This 
means that the color quality was not acceptable to a majority of the panelists.  
Odor was the least favored quality among the panelists generally receiving the 
lowest mean scores while texture was generally scored the highest. Except for the DS VI 
and the AF NI samples, all other samples received odor scores that were not significantly 
different from one another. In other words, frying system type did not make a significant 
difference (p < 0.05) on the odor quality of the samples. Several of the panelists 
commented that AF samples smelled “oily” which is a typical response to samples that 
had about double the amount of oil as the other vacuum fried samples. Some panelists 
correlated the smell of the impregnated samples with a “fresh plant smell”. None of the 
given mean texture scores were significantly different from one another meaning that all 
samples textures were perceived as similar by the panelists. All chips were generally 
perceived as “crispy”. 
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One of the most noticeable effects of impregnating the samples was seen in the 
difference in scoring of color between NI and the VI samples.  Across the board, 
impregnated samples received a lower score than non-impregnated samples. The score 
for color decreased 18.92% for VF, 39.48% for DS, and 28.15% for AF due to vacuum 
impregnation. Many panelists did not favor the darker color of the impregnated samples 
noting that the color made the chips look “overcooked”, “unusual”, and “old”.  They also 
labelled the lighter and brighter color of the non-impregnated    samples as “nice” and 
“bright”.  Even though the participants were asked to not compare each sample with one 
another nor with outside potato chip brands, the higher scores given to the lighter NI 
chips could be due to the familiarity that these samples have with regularly purchased 
brands such as Frito Lay plain potato chips.  
Excluding the DS VI (minimum score) and AF NI samples (maximum score), all 
other samples received flavor average scores that were not statistically different from 
one another. In other words, impregnation didn’t make a great difference on the 
panelist’s perception of “taste”. However, some participants noted that the vacuum 
impregnates samples had an “unusual” or “bitter” aftertaste.  
In brief, vacuum-impregnated and -fried samples were given scores that were 
above acceptable levels for all quality parameters. Even though vacuum impregnating 
the samples with green tea negatively affected the likability of color, it didn’t have a 
branching effect on the other qualities. In conclusion, vacuum impregnation and vacuum 
frying were successfully utilized to make consumer acceptable chips. 
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Figure 5.10. Sensory scores of vacuum-impregnated potato chips fried using the three different frying systems (N = 30). 
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CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS 
6.1. Conclusions 
This study analyzed the feasibility of vacuum impregnating potato chips with 
phenolic compounds derived from green tea extract as a pretreatment for vacuum frying. 
Vacuum impregnation was optimized by evaluating the effect of three processing 
variables—vacuum pressure, vacuum and restoration time, and green tea 
concentration—on the potato sample’s moisture content, oil content, and total phenolic 
content in order to produce the highest enriched product.  
Vacuum frying was optimized by measuring the effect of both frying temperature 
and time on the moisture content, oil content, and total phenolic content of the resulting 
product to evaluate the frying parameters that produce the best quality potato chips.   
The efficacy of vacuum frying for producing a high-quality product was also 
compared to a dual-step system and atmospheric frying by evaluating product 
characteristics such as moisture content, oil content, total phenolic content, color, texture 
in addition to a sensory analysis.  
The main results obtained in the study were:  
Vacuum optimization: vacuum impregnation served as an effective process to 
introduce green tea phenolic compounds into the potato slices’ matrix  
• Solid gain was not significantly affected by any vacuum frying parameters
(range: 9.12 ± 0.75 – 12.10 ± 0.63) indicating that the variable was not a
contributor to the variation of the resulting TPC after vacuum impregnation.
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• Total phenolic content increased with increasing green tea concentration while
lacked and didn’t contain an encompassing correlation with both vacuum
pressure and vacuum/restoration time.
• A green tea concentration of 5.0%, vacuum pressure of 600 mmHg, and
vacuum/restoration time of 10 minutes were found to be the optimal operating
settings for the vacuum impregnation process (gave max TPC increase of 148.22
± 11.76 mg GAE/100 g dry matter).
Vacuum frying optimization: a temperature of 140°C and frying time of 4 minutes 
were found to be the optimal settings giving the maximum TPC of 441.53 ± 5.67 mg 
GAE/100 g dry weight. 
• Both moisture and oil content displayed typical behaviors with frying time and
temperatures.
- MC exponentially decreased with increasing frying times and rate of 
dehydration increased with increasing temperatures. 
- Oil absorption followed three typical phases: absorption during vacuum 
frying, desorption during atmospheric pressure restoration, and absorption 
during cooling. Absorption rate increased with increasing temperatures. 
- When compared to non-impregnated, vacuum impregnated samples 
showed lower oil absorption peaks. 
• Total phenolic content increased with increasing temperatures.
• When comparing with control, potato chips fried at 120°C retained the maximum
mean TPC followed by 110°C and 140°C.
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• At the frying times when MC <2%, chips fried at 140°C showed the highest TPC
increase of 237.48%, followed by 120°C (63.55%) and 110°C (15.23%).
• Impregnation decreased the lightness of the potato chips when comparing the raw
and impregnated samples before frying.
• Chroma increased with increasing frying temperatures and times.
Frying system comparison: vacuum impregnation showed to be an effective precursor 
for vacuum frying to create enhanced potato chips that were found acceptable for 
consumption by panelists.  
• AF produced potato chips with nearly double the oil content as those fried using
the VF and DS systems demonstrating vacuum frying to be a viable system for
creating product with lower final oil, and thus fat content.
• While potato chips fried using AF showed the highest final TPC of the three
systems (240.84 ± 3.15 mg GAE/ 100 g dry mater), potato chips fried using the
VF system retained the highest amount of TPC when compared with control.
Therefore, vacuum frying was shown to be the most effective system to preserve
both native and introduced phenolic compounds.
- VF samples showed an increase of 208.88% in TPC from NI to VI 
samples, DS showed a 202.98% increase, and AF showed a 163.21% 
increase. 
• Sample porosity was found to be significantly different between the NI and VI
samples for both the DS and AF systems suggesting an influence in structure due
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to the vacuum impregnation process. This was not seen for the VF system 
depicting the ability of frying under vacuum to maintain the object’s structure. 
• Vacuum impregnation did not significantly affect (p > 0.05) the diameter
shrinkage nor thickness expansion of the resulting products and both the VF and
AF system samples demonstrated a lesser physical deformation.
Sensory Analysis: the antioxidant-enriched potato chips were positively scored for all 
qualitative properties by all panelist even when many of the sensory properties deviated 
from readably-consumed potato chips. 
• All potato chips were deemed acceptable for consumption regardless of the
frying mechanism.
• For all three frying systems, vacuum impregnation decreased the lightness of the
potato chips by 9.00 – 16.32% which, in turn, negatively affected the perception
of quality for panelists during the sensory test.
- Even though panelist found the darker color of the VI samples to be less 
favorable than the lighter/brighter color of the NI samples, VI sample 
color, nevertheless, received satisfactory scores. 
• NI AF samples received the highest scores for all qualitative attributes. A major
contributor for this score result may be the high sensory similarity between the
NI AF samples and the “normal” commercialized potato chips.
• Generally, texture, one of the most important sensory attributes that define the
quality potato chips, was favored the most by all the panelist.
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6.2 Recommendations 
Recommendations for future research on the area of enriching a food matrix using 
vacuum impregnation and frying: 
• Analyze the impregnation efficiency and resulting product attributes when using
VI solutions with much higher concentrations of antioxidants than those used in
this study
• Study total phenolic increase capacity after both VI and NI using VI solutions
with different combination of antioxidants such as green tea extract + ascorbic
acid.
• Evaluate the effect of the vacuum solution viscosity on the efficiency of vacuum
impregnation and on the resulting product attributes
• Determine a more adequate storage method (freezing) for the VI solution in
hopes of it being reusable and thus lower process costs.
• Study the degree at which initial sample characteristic (porosity, moisture
content, chemical composition) change efficiency of both vacuum impregnation
and frying.
• Evaluate the efficiency of both vacuum impregnation and frying to fortify a
vegetable matrix with antioxidants when using different source varieties
• Evaluate the effect of vacuum impregnation pre-treatments such as dehydration
on the mass transfer during VI.
• Study the effect of both vacuum impregnation and frying on other biological
material such as fruits, different vegetables, and grains.
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• Evaluate the phenolic content of the enriched potato chips with HPLC in order
to specify each antioxidant and their respective content.
• Study the bioavailability of the antioxidants in the enriched potato chips through
both -in vivo and -in vitro studies.
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APPENDIX 
A - 1. Effect of vacumm pressure and time on the moisture content. 
GT Concentration   
[%] 
VP 
[mmHg] 
AT/VT 
[min] 
MCi 
[d.b] 
MCf 
[d.b] 
2.50 
300 
5 3.91 ± 0.22 4.21 ± 1.13 
10 3.68 ± 0.22 3.99 ± 0.83 
15 3.88 ± 0.31 4.28 ± 1.04 
450 
5 3.19 ± 0.16 4.25 ± 0.56 
10 3.19 ± 0.16 4.05 ± 0.68 
15 3.66 ± 0.25 4.26 ± 0.80 
600 
5 3.91 ± 0.22 4.18 ± 1.04 
10 4.08 ± 0.29 4.70 ± 1.12 
15 4.08 ± 0.29 4.78 ± 0.74 
3.75 
300 
5 3.26 ± 0.41 3.90 ± 0.67 
10 2.99 ± 0.25 3.72 ± 0.72 
15 2.99 ± 0.25 3.54 ± 0.80 
450 
5 3.49 ± 0.39 3.71 ± 0.74 
10 4.17 ± 0.31 4.44 ± 0.55 
15 3.59 ± 0.13 4.24 ± 0.53 
600 
5 3.82 ± 0.38 4.17 ± 0.49 
10 4.17 ± 0.31 4.49 ± 0.76 
15 3.95 ± 0.43 4.20 ± 1.12 
5.00 
300 
5 3.48 ± 0.49 4.47 ± 1.64 
10 3.45 ± 0.51 4.31 ± 2.35 
15 3.57 ± 0.58 4.46 ± 1.88 
450 
5 3.91 ± 1.03 4.93 ± 1.78 
10 3.18 ± 0.22 3.94 ± 0.72 
15 3.18 ± 0.22 3.84 ± 0.67 
600 
5 3.65 ± 0.70 4.44 ± 1.11 
10 3.54 ± 0.23 4.59 ± 1.05 
15 3.54 ± 0.23 4.82 ± 1.20 
*GT = green tea; VP = vacuum pressure; AT/VT = vacuum/atmospheric time; TPC = total
phenolic content.
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A - 2. Effect of vacumm pressure and time on the TPC of potatochips. 
GT Concentration   
[%] 
VP 
 [mmHg] 
AT/VT 
 [min] 
TPC   
[mg GAE/100 g dry potato] 
2.50 
300 
5 40.90 ± 3.24 
10 49.32 ± 2.57 
15 58.97 ± 5.37 
450 
5 51.02 ± 2.89 
10 81.09 ± 4.44 
15 107.84 ± 8.31 
600 
5 62.93 ± 4.28 
10 84.15 ± 7.48 
15 86.00 ± 6.98 
3.75 
300 
5 67.87 ± 4.77 
10 133.61 ± 10.10 
15 111.93 ± 8.92 
450 
5 92.48 ± 8.15 
10 117.60 ± 7.22 
15 140.54 ± 12.96 
600 
5 99.90 ± 8.01 
10 101.17 ± 9.46 
15 141.14 ± 6.55 
5.00 
300 
5 81.23 ± 7.33 
10 101.17 ± 9.62 
15 120.28 ± 8.36 
450 
5 115.11 ± 9.99 
10 140.99 ± 11.01 
15 141.03 ± 9.64 
600 
5 116.01 ± 10.16 
10 196.11 ± 15.41 
15 128.04 ± 7.89 
*GT = green tea; VP = vacuum pressure; AT/VT = vacuum/atmospheric time; TPC = total
phenolic content.
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A - 3. Total phenolic content added after vacuum impregnation. 
GT Concentration   
[%] 
VP 
 [mmHg] 
AT/VT 
 [min] 
TPC   
[mg GAE/100 g dry potato] 
2.50 
300 
5 21.31 ± 1.63 
10 24.60 ± 0.09 
15 36.62 ± 3.81 
450 
5 28.13 ± 0.66 
10 58.50 ± 2.33 
15 58.56 ± 5.98 
600 
5 42.74 ± 2.50 
10 64.26 ± 5.83 
15 64.78 ± 5.20 
3.75 
300 
5 44.31 ± 3.16 
10 78.89 ± 6.82 
15 67.81 ± 5.36 
450 
5 57.36 ± 5.92 
10 77.45 ± 2.91 
15 74.96 ± 7.63 
600 
5 73.81 ± 5.64 
10 71.02 ± 6.81 
15 105.81 ± 3.06 
5.00 
300 
5 58.32 ± 5.72 
10 77.05 ± 7.42 
15 93.27 ± 5.80 
450 
5 80.49 ± 7.76 
10 118.21 ± 8.77 
15 109.81 ± 7.31 
600 
5 80.14 ± 6.45 
10 148.22 ± 11.76 
15 95.05 ± 4.85 
*GT = green tea; VP = vacuum pressure; AT/VT = vacuum/atmospheric time; TPC = total
phenolic content.
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A – 4. Effect of vacuum frying time and temperature on the moisture content of non-
impregnated samples.  
Temperature 
[°C] 
110 120 140 
Time 
[s] 
MC 
[d.b.] 
MC 
[d.b.] 
MC 
[d.b.] 
0 
4.61 ± 0.18 6.22 ± 0.28 4.80 ± 0.23 
20 
1.86 ± 0.15 1.72 ± 0.21 1.25 ± 0.12 
40 
1.46 ± 0.03 1.40 ± 0.17 0.46 ± 0.07 
60 
1.21 ± 0.09 0.81 ± 0.10 0.07 ± 0.01 
80 
1.01 ± 0.12 0.42 ± 0.02 0.03 ± 0.00 
100 
0.59 ± 0.02 0.27 ± 0.02 0.02 ± 0.00 
120 
0.49 ± 0.01 0.13 ± 0.01 0.01 ± 0.00 
140 
0.25 ± 0.02 0.04 ± 0.00 0.01 ± 0.00 
180 
0.11 ± 0.01 0.01 ± 0.00 0.01 ± 0.00 
240 
0.04 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 
300 
0.02 ± 0.00 0.00 ± 0.00 0.01 ± 0.00 
360 
0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
480 
0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
600 
0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
720 
0.01 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
*MC = moisture content.
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A – 5. Effect of vacuum frying time and temperature on the oil content of non-
impregnated samples. 
Temperature 
[°C] 
110 120 140 
Time 
[s] 
OC d.b. 
[%] 
OC d.b. 
[%] 
OC d.b. 
[%] 
0 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
20 12.31 ± 0.24 13.01 ± 0.45 13.29 ± 0.07 
40 13.33 ± 0.79 14.70 ± 0.52 15.65 ± 0.06 
60 14.64 ± 0.19 15.51 ± 0.90 17.34 ± 0.59 
80 15.07 ± 1.49 18.49 ± 0.72 20.24 ± 1.05 
100 17.68 ± 1.42 20.33 ± 1.14 23.68 ± 0.34 
120 18.05 ± 0.44 19.98 ± 0.36 23.84 ± 1.01 
140 18.22 ± 1.58 15.84 ± 0.56 24.95 ± 0.67 
180 13.56 ± 1.35 16.25 ± 0.52 16.82 ± 0.78 
240 15.30 ± 1.48 16.09 ± 0.10 12.52 ± 0.03 
300 14.39 ± 0.00 14.49 ± 0.18 13.79 ± 0.04 
360 13.20 ± 0.28 15.35 ± 1.05 13.00 ± 0.09 
480 14.39 ± 0.29 13.76 ± 0.47 13.96 ± 0.08 
600 14.31 ± 0.68 13.99 ± 0.55 12.95 ± 0.09 
720 15.35 ± 0.92 14.85 ± 0.46 13.44 ± 0.12 
*OC = oil content.
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A – 6. Effect of vacuum frying time and temperature on the total phenolic content of 
non-impregnated samples. 
Temperature 
[°C] 
110 120 140 
Time 
[s] 
TPC 
[mg GAE/100 g 
dry potato] 
TPC 
[mg GAE/100 g 
dry potato] 
 TPC 
[mg GAE/100 g dry 
potato] 
0 97.03 ± 4.41 97.70 ± 2.38 100.58 ± 4.61 
20 47.66 ± 3.69 23.11 ± 1.49 70.64 ± 2.44 
40 34.97 ± 2.09 76.36 ± 4.70 69.58 ± 3.67 
60 56.53 ± 5.00 47.79 ± 3.52 61.86 ± 5.82 
80 18.89 ± 1.87 31.09 ± 1.60 92.04 ± 4.64 
100 23.20 ± 1.41 46.60 ± 4.13 90.54 ± 5.61 
120 53.95 ± 4.30 39.60 ± 2.81 126.54 ± 4.58 
140 47.12 ± 3.76 75.68 ± 4.09 107.16 ± 9.76 
180 23.35 ± 1.07 110.93 ± 2.39 123.32 ± 10.87 
240 64.20 ± 3.39 43.62 ± 4.32 124.72 ± 8.90 
300 139.65 ± 4.56 73.65 ± 3.02 128.16 ± 4.81 
360 104.39 ± 6.30 44.16 ± 2.36 138.72 ± 13.46 
480 67.04 ± 4.70 128.35 ± 6.34 176.24 ± 5.05 
600 30.61 ± 0.87 86.82 ± 4.93 118.51 ± 9.19 
720 172.20 ± 9.75 146.34 ± 8.62 164.37 ± 9.33 
*TPC = total phenolic content.
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A – 7.  Effect of frying temperature and time on the moisture content of impregnated 
potato chips. 
Temperature [°C] 110 120 140 
Time 
[s] 
MC 
[d.b.] 
MC 
[d.b.] 
MC 
[d.b.] 
R 3.62 ± 0.44 3.90 ± 0.03 3.76 ± 0.18 
0 4.50 ± 0.19 5.01 ± 0.47 4.54 ± 0.02 
20 2.05 ± 0.24 1.90 ± 0.13 1.74 ± 0.02 
40 1.80 ± 0.20 1.15 ± 0.02 0.62 ± 0.03 
60 1.11 ± 0.06 0.78 ± 0.05 0.28 ± 0.02 
80 0.86 ± 0.08 0.44 ± 0.01 0.09 ± 0.01 
100 0.40 ± 0.02 0.11 ± 0.00 0.02 ± 0.00 
120 0.07 ± 0.00 0.03 ± 0.00 0.01 ± 0.00 
140 0.05 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 
180 0.05 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 
240 0.03 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 
300 0.01 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 
360 0.01 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 
480 0.01 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 
600 0.00 ± 0.00 0.01 ± 0.00 0.00 ± 0.00 
720 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
*R= raw samples; MC= moisture content.
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A – 8.  Effect of frying temperature and time on the oil content of impregnated potato 
chips. 
Temperature [°C] 110 120 140 
Time 
[s] 
OC d.b. 
[%] 
OC d.b. 
[%] 
OC d.b. 
[%] 
0 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
20 7.67 ± 0.16 19.35 ± 0.15 15.31 ± 0.38 
40 8.47 ± 0.38 17.54 ± 1.37 16.52 ± 0.57 
60 11.54 ± 0.47 20.30 ± 1.48 20.64 ± 1.27 
80 11.29 ± 0.04 20.30 ± 1.51 20.78 ± 0.48 
100 12.24 ± 0.21 22.86 ± 1.00 21.49 ± 0.85 
120 11.98 ± 0.08 21.65 ± 0.59 19.46 ± 0.26 
140 12.22 ± 0.17 21.30 ± 1.22 18.75 ± 0.35 
180 10.90 ± 0.11 17.73 ± 0.53 18.71 ± 1.30 
240 10.15 ± 0.12 19.06 ± 0.90 15.75 ± 0.26 
300 11.97 ± 0.07 19.82 ± 1.04 18.30 ± 0.48 
360 11.92 ± 0.07 18.47 ± 1.27 16.88 ± 0.89 
480 12.94 ± 0.07 19.04 ± 0.51 16.59 ± 0.56 
600 12.51 ± 0.17 19.20 ± 0.83 16.64 ± 0.54 
720 12.79 ± 0.21 19.64 ± 1.17 17.04 ± 0.25 
*OC = oil content.
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A – 9. Effect of vacuum frying time and temperature on the total phenolic content of 
impregnated samples. 
Temperature 
[°C] 
110 120 140 
Time 
[s] 
TPC 
[mg GAE/100 g dry 
potato] 
TPC 
[mg GAE/100 g 
dry potato] 
 TPC 
[mg GAE/100 g 
dry potato] 
R 60.07 ± 2.95 86.21 ± 2.15 90.55 ± 5.18 
0 220.39 ± 4.64 237.38 ± 19.09 257.16 ± 3.50 
20 90.63 ± 3.95 133.90 ± 9.76 181.47 ± 4.06 
40 90.30 ± 4.54 157.46 ± 5.85 216.81 ± 3.87 
60 103.76 ± 8.78 193.13 ± 1.79 260.90 ± 4.25 
80 104.27 ± 6.65 211.42 ± 5.79 249.44 ± 6.01 
100 115.54 ± 4.96 196.63 ± 8.81 305.55 ± 10.84 
120 149.71 ± 2.25 213.08 ± 10.54 241.12 ± 9.87 
140 146.87 ± 2.57 232.00 ± 9.13 255.76 ± 7.10 
180 151.71 ± 6.22 181.42 ± 8.78 252.61 ± 6.72 
240 140.35 ± 9.61 187.93 ± 3.91 178.10 ± 3.95 
300 160.92 ± 13.41 217.68 ± 15.71 307.39 ± 6.40 
360 177.92 ± 5.43 198.58 ± 7.45 441.53 ± 5.67 
480 135.32 ± 4.85 216.68 ± 8.79 327.14 ± 9.28 
600 133.59 ± 6.46 233.86 ± 11.09 249.64 ± 7.69 
720 140.19 ± 3.17 202.22 ± 13.36 236.71 ± 9.33 
*R= raw samples; TPC= total phenolic content.
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A – 10. Sensory analysis of the vacuum impregnated potato chips fried using three different frying systems. 
Frying Systems VF NI VF VI DS NI DS VI AF NI AF VI 
Quality Parameter AVG Score AVG Score AVG Score AVG Score AVG Score AVG Score 
Appearance 7.50 ± 1.50 6.30 ± 1.68 7.37 ± 1.47 5.23 ± 1.72 8.13 ± 1.01 6.13 ± 1.50 
Color 7.40 ± 1.45 6.00 ± 1.46 7.27 ± 1.57 4.40 ± 1.73 8.17 ± 0.87 5.87 ± 1.83 
Odor  6.07 ± 1.86 6.00 ± 1.89 5.83 ± 1.66 5.47 ± 1.83 7.10 ± 1.49 6.37 ± 1.79 
Texture 6.83 ± 1.26 6.63 ± 1.94 7.47 ± 1.46 7.53 ± 1.17 7.63 ± 1.33 7.33 ± 1.52 
Flavor 5.73 ± 1.53 5.97 ± 1.73 6.57 ± 1.61 5.70 ± 1.68 7.03 ± 1.33 6.40 ± 1.83 
Overall Quality 6.43 ± 1.22 6.27 ± 1.41 6.87 ± 1.28 5.50 ± 1.41 7.53 ± 0.90 6.70 ± 1.24 
*VF = vacuum frying; AF + VF = dual step system; AF = atmospheric frying.
